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BIOLOGICAL IDENTIFICATION SYSTEM WITH INTEGRATED SENSOR CHIP 

[01] This application claims the benefit of U.S. Provisional Patent Application Serial 
No. 60/201,603, filed May 3, 2000. 

Statement Regarding Federally Sponsored Research Or Development 

[02] This invention was made with Government support under Grant No. N66001-96-C- 
8632 awarded by the Department of the Navy. The Government has certain rights in this 
invention. 

Field Of The Invention 

[03] The field of the present invention relates generally to apparatus and methods for 
sensing or detecting various target analytes, including ionic molecules (e.g. iron, 
chromium, lead, copper, calcium or potassium) and macromolecules (e.g. DNA, RNA or 
protein) and in particular, to biosensors, methods of using the biosensors, and methods for 
making the biosensors. 

Background Of The Invention 

|0004tf04] A variety of biosensors have been developed for the detection of biological 
material, such as pathogenic bacteria. Conventional methods for detecting bacteria usually 
involve a morphological evaluation of the organisms and rely on (or often require) growing 
the number of organisms needed for such an evaluation; such evaluation. Such methods are 
time consuming and are typically impractical under field conditions. The need for rapid 
detection as well as portability has led to the development of systems that couple pathogen 
recognition with signal transduction. Both optical and e l e ctrochemical d e t e ction of bact e ria 
hav e b ee n r e port e d (Ivnitski, et. ah, 1999, T.Wang, et. aL 2000). — (Full citations to the 
literature cit e d her e in are given at the end of the specification.) — However, the present 
i nventive entity has determined that electrochemical m e thods have an advantag e in that 
they are more amenable to miniatur i zation. 
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[05] Requirements for an ideal detector include high specificity and high sensitivity 
using a protocol that can be completed in a relatively short time. Moreover, systems that 
can be miniaturized and automated offer a significant advantage over current technology, 
especially if detection is needed in the field. 

fQOQ34f061 The electrochemical methods use the principle of electrical circuit 
completion. To complete the electrical circuit, a counter electrode is used to provide a 
return path to the sample solution or reagent and a reference electrode is used as a 
reference point against which the potential of another electrode or electrodes are 
determined (typically that of the working electrode or measuring electrode). Since this 
contact must be provided by electrochemical means, i.e. a metal electrode immersed in a 
chemical solution or reagent, it is impossible to avoid generating an electrical potential in 
series with the potential developed by the electrode. The conventional theory in the 
electrochemical methods is that it is essential for the reference electrode potential to be 
very stable and not be affected by chemical changes in the solution. Thus, silver/silver 
chloride reference electrodes, which provide a very stable reference potential, are the most 
common type of electrode used for reference electrodes today. 

Referring to Fig. 1, the typical silver/silver chloride reference electrode 10 contains a 
chloridised silver wire 1 (a layer of silver chloride coated on silver wire) immersed in a 
solution 5 of potassium chloride (3.5M KC1) saturated with silver chloride (AgCl). This 
internal filling solution 5 slowly seeps out of the electrode 10 through a porous ceramic 
junction 20 and acts as an electrical connection between the reference element 1 and the 
sample. Potassium chloride is used because it is inexpensive and does not normally 
interfere with the measurement. The solution 5 also includes silver chloride to prevent 
dissolution of the coating on the reference element 1 . It is therefore necessary to maintain 
the level of solution 5 in the electrode 10 using a filling solution hole40r 

fQQQ&H071 Th e pr e s e nt inventive e ntity, how e v e r, has d e t e rmin e d that robust and 
precise biological detection can be achieved using electrochemical methods, and more 
precisely using redox (reduction oxidation) methods, without the need of a 40. This 
technique, however, is not robust and precise. In addition, it requires two-layered 
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reference electrode (e.g., silver chloride coated on silver) having a known reference 
electrode potential described above. 

[08] Referring now to Fig. 2, the electrochemical methods also required a potentiostat 
50, which is a control amplifier with the test cell placed in the feedback loop. The 
objective is to control the potential difference between a test electrode (working electrode) 
60 and a reference electrode 70 by the application of a current via the third, auxiliary 
electrode (counter electrode) 80. In practice a fairly good potentiostat may be built using a 
minimum of components. In the circuit shown here, 90A and 90B are 1.22V bandgap 
reference diodes connected between the positive and negative power rails. Potentiometer 
100 is then used to set the required cell polarization, applied to the non-inverting input of 
the main amplifier 110. The working electrode 60 connects to the ground of the circuit and 
the reference electrode 70 to the inverting input of the main amplifier 110. In order to 
boost the output capability somewhat (most operational amplifiers are limited to about 20 
mA and do not tolerate capacitative loads well) a unity gain buffer amplifier 120 is used. 
Preferably, gain buffer amplifier 120 has a much higher bandwidth than amplifier 110, 
otherwise the circuit is likely to oscillate when driving a capacitative cell. The output of 
the buffer amplifier 120 connects to the auxiliary electrode 80 via a current measuring 
resistor 140. Differential amplifier 130 is then used to measure the voltage drop across this 
resistor 140 and to convert it to a ground referenced output voltage. 

[09] 

{004-0}Microelectromechanical systems (MEMS) technology provides transducers to 
perform sensing and actuation in various engineering applications. The significance of 
MEMS technology is that it makes possible mechanical parts of micron size that can be 
integrated with electronics and batch fabricated in large quantities. MEMS devices are 
fabricated through the process of micromachining, a batch production process employing 
lithography. Micromachining relies heavily on the use of lithographic methods to create 3- 
dimensional structures using pre-designed resist patterns (masks) (Ho and Tai, 1996, 
1998). or masks. MEMS is one suitable technology for making microfabricated devices or 
aspects thereof. Microfabricated devices are generally defined as devices fabricated by 
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using MEMS and/or integrated circuit (IC) technology. An int e grated circuit (IC) IC is 
defined as a tiny chip of substrate material upon which is etched or imprinted a complex of 
electronic components and their interconnections. 

fQQ444f0101 The present inventiv e entity has determined that miniaturization and 
portab i lity features are inherent in electrochemical methods make these methods excellent 
candidates for integration into MEMS devices, and, further that it would b e advantageou s 
to integrate However, MEMS technology has not been successfully integrated with 
biosensing methods to detect various ionic molecules and macromolecules (DNA, RNA or 
protein) , especially with electrochemocal methods, to provide biosensors with 
miniaturization and portability . 

[0012]The present inventive entity has also determined that in the area of biosensing of 
bacteria, one of the most effective means of achieving h i gh specificity is to detect the 
ba c t e ria 's g enetic material (e.g. rRNA. mRN A, den a t ured DNA). — By choosing a single 
strande d DNA (ssDNA) pr obe w hos e s equence is complementa r y o n l y to t he target 
bacteria's rRNA or ssDN A, monitori ng the hybridization event allows sele ctive sen s ing of 
target cells. To maximize s ensitivit y, coupling the hybridization e vent with an e nzymatic 
r e action leads to signal amplification, as e ach substrat e to product turnov e r contributes to 
the ov e ra l l signal. — Bios e nsing to d e t e ct DNA hybridizations that ar e amplified by 
enzymatic reaction can still be completed within a reasonably short time according to the 
invention. 

f O Ol 3] 10. 1 Thus, a prototype amperometric d etector fo r Esc herichia coli (E. coli) has 
been developed based on the above determinations and technologies (Chen. et. al. ? 
2000 , Gain et. al. ? 2000). — The technologies of M E MS, self - assembled monolayers 
(SAMs), DNA hybridization, and enzyme amplification all contribute to the Existing 
techniques in biosensing of bacteria do not achieve high specificity and sensitivity 
with high dimensional precision. The detection is typically not applicable to a broad 
range of pathogenic bacteria. In addition, conventional biosensors are not 
miniaturized into a portable instrument. 
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[0111 Accordingly, there is a need to have a technique that can overcome the above 
disadvantages. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[Q01 4 ]d e sign of a miniaturiz e d, sp e cific, — and — s e nsitive E. — coli d e t e ctor. DNA 

el e ctrochemical prob e s hav e be e n r e port e d pr e viously (Wang, e t al., 1997, Marrazza. e t aL 

1999), with graphit e or carbon el e ctrodes typically used. Commercial — units for 

amperometric detection of DNA from E. coli using screen printed carbon electrod es on 
disposable test strips are also available. — Screen pr i nting has the advantage of low co s t; 
h o w e ver, achieving high dimensional precision is n o t ea sy. — Thu s, t h e p r esent inventive 
entity 7 has d e termined a need to d e velop a method of using lithography to accurately pattern 
i- n t um s i ze dim e ns i o ns a wide range of materials such a s metals (e.g. Au, Ag) and carbon. 
Moreover, utilizing a surfa ce modi fication, such as self - assembly monolayer (SAM) 
ofbiotin DAP C12 SH dodecanamid e , is a pr e f e rred method of selectiv e ly immobilizing 
molecul e s on MEMS surfac e s. The formation of SAMs on An, Ag and oth e r m e tals has 
been well studied (Revell, et al, 1998, Motesharei, et aL 1998, Xia, e t aL 1998, Lahiri, et 
aL 1999), and prote i n s and other biomolecules can be easily immobilized onto surface s 
s u ch as A u using SAMs (Ostuni, et aL 1999, Kane, et aL 1999, Spinke, et aL 1993, 
H a u s s l i n g, et aL — 1991). Amperometric metho d s u si ng SAMs on cl c e trodes have 
dem o nst r ated the ability to detect target analytes suc c essfully (Sun, et aL 1998, H on , et al, 
4» 98, Murthy r ot al., 199 ^ 

In th e instant E. coli d e t e ction system,th e present inv e ntion id e ntifi e s and lakes advantage 
of certain ben e fits inh e r e nt in each technology. — Using DNA hybridization and e nzyme 
amplification, th e pr e sent invention achi e v e s th e r e quir e d sp e cificity and sensitivity. Using 
MEMS and SAMs, the present inventive entity fabricated a miniaturized system that can 
be developed into a portable instrument. — Finally, the invention demonstrates that the 

present detection system is applicable to a broad range of pathogenic bacteria. Per 

exa mp l e, the detection module and assay protocol can b e a dap t ed to detect uropath og en i c 
E, coli and identify microorgani s m s c au s ing otiti s media (middle e ar inf e ction), 
[00.15]Ac co rdingl . y ? it is an object of the invention to provid e nov e l biosensors, novel 
m e thods of using th e bios e nsors, and nov e l m e thods for making th e bios e nsors. — 3-feis 
obj e ct is solv e d by th e combination of the f e atur e s of th e main claim, and th e sub claims 
disclose further advantageous embodiments of the invention. 
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Summary of the Inv e ntio n 
[0016]This summary of th e inv e ntion do e s not necessarily d e scrib e all n e c e ssary f e atur e s 
detailed in the specification, and the invention may also reside in a sub combination of 
features describ e d here and e l sewhere in the specification. 

fOW44f0121 In the drawings, wherein the same reference number indicates the same 
element throughout the several views: 

[013] Fig. 1 is a schematic of an embodiment of a conventional reference electrode. 

[014] Fig. 2 is a schematic of an embodiment of a potentiostat used in the electrochemical 
methods. 

[015] Fig. 3 is a schematic of an embodiment of a plurality of electrochemical biosensors 
on a circular substrate wafer according to the present invention. 

[016] Fig. 4 is a schematic of alternative embodiment of a plurality of electrochemical 
biosensors on a square substrate according to the present invention. 

[017] Fig. 5 is a schematic of another embodiment of an electrochemical biosensor on a 
substrate according to the present invention. 

[018] Fig. 6 is a graph of Cyclic Voltammetry (CV) scan potential over time. 

[019] Fig. 7 is a one-cycle Cyclic Voltammetry (current vs. bias potential) taken by a 
biosensor according to the present invention. 

[020] Fig. 8. is a Cyclic Voltammetry (current vs. bias potential) at different scan rate 
taken by a biosensor according to the present invention. 

[021] Fig. 9. is a graph of the square root of scan rate vs. peak current taken by a 
biosensor according to the present invention. 

[022] Fig. 10 is a Cyclic Voltammetry (current vs. bias potential) on a plurality of cycles 
at constant scan rate taken by a biosensor according to the present invention. 
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[023] Figs 11(a), (b) and (c) are diagrams showing reagent and/or solution confinement 
by surface tension and treatment according to the present invention. 

[024] Fig. 12 is a diagram showing reagent and/or solution confinement selectively over 
only a working electrode on a biosensor according to the present invention. 

[025] Fig. 13 is a diagram showing reagent and/or solution confinement over all 
electrodes on a biosensor according to the present invention. 

[026] Fig. 14 is a side view diagram showing the first step of how an embodiment of a 
biosensor of the present invention can be fabricated. 

[027] Fig. 15 is a diagram showing the second step of how the biosensor can be 
fabricated. 

[028] Fig. 16 is a diagram showing the third step of how the biosensor can be fabricated. 

[029] Fig. 17 is a diagram showing the fourth step of how the biosensor can be fabricated. 

[030] Fig. 18 is a diagram showing the fifth step of how the biosensor can be fabricated. 

[031] Fig. 19 is a diagram showing the sixth step of how the biosensor can be fabricated. 

[032] Fig. 20 is a diagram showing how the surface of an embodiment of the present 
biosensor can be modified to prevent non-specific binding. 

[033] Fig. 21 is a diagram showing the final result on the biosensor surface of the surface 
modification process in Fig. 20. 

[034] Fig. 22 is a sectional diagram of an embodiment of the present invention of a 
biosensor system with a biosensor integrated with integrated circuit components. 

[035] Fig. 23 is a diagram of an embodiment of the present invention of a plurality of 
biosensors integrated with integrated circuit components. 
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[036] Fig. 24 is a sectional diagram of a biosensor unit that, together with other similar 
units, makes up the plurality of biosensors integrated with the integrated circuit 
components in Fig. 24. 

[037] Fig. 25 is a diagram showing the first step of how an embodiment of a biosensor 
(sensor-chip) of the present invention can be fabricated by integrated circuit (IC) 
technology with a CMOS device integrated on the biosensor (sensor-chip) itself. 

[038] Fig. 26 is a diagram showing the second step of how the biosensor (sensor-chip) 
can be fabricated by integrated circuit (IC) technology. 

[039] Fig. 27 is a diagram showing the third step of how the biosensor (sensor-chip) can 
be fabricated by IC technology. 

[040] Fig. 28 is a diagram showing the fourth step of how the biosensor (sensor-chip) can 
be fabricated by IC technology. 

[041] Fig. 29 is a diagram showing the fifth step of how the biosensor (sensor-chip) can 
be fabricated by IC technology. 

[042] Fig. 30 is a diagram showing the sixth step of how the biosensor (sensor-chip) can 
be fabricated by IC technology. 

[043] Fig. 31 is a diagram showing how an embodiment of a biosensor of the present 
invention can be use to detect ionic analytes (or molecules). 

[044] Fig. 32 is Cyclic Voltammetry (CV) (current vs. bias potential) graph taken by the 
sensor of Fig. 31. 

[045] Fig. 33 is a diagram showing the first step of how an embodiment of a biosensor of 
the present invention can be used to detect macromolecules (e.g. DNS, RNA, protein). 

[046] Fig. 34 is a diagram showing the second step of the detection of the 
macromolecules. 

[047] Fig. 35 is a diagram showing the third step of the detection of the macromolecules. 
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[0481 De tail e d D e scription of the Pr e ferred Embodim e nt Fig. 36 is a graph on sensitivity 
and specificity check. 

[0491 Fig. 37 is a diagram showing the electron transport of HRP enzymatic reaction. 

[0501 Fig. 38 is a graph on the Surface Plasmon Resonance of Streptavidin on Biotin- 
SH/Au or Bare Au. 

(0511 Fig. 39 is a graph on the sensitivity check of micro DNA sensor with urine sample. 
[0521 Fig. 40 is a schematic illustrating the electrode surface. 

[0531 Fig. 41 is a table listing the loss in SPR signal (RID after treatment with various 
reagents that are known to dissociate protein-ligand binding and/or denature proteins 

[0541 Fig. 42 is a graph on the result of an experiment that compares the efficacy of the 
immobilized streptavidin to capture the biotin-rRNA-POD hybrid. 

[0551 Fig. 43 is a graph showing the result of using E. coli and Bordetella to determine 
the sensitivity of the system. 

[0561 Fig. 44 is a graph showing better discrimination in signals at lower E. coli cell 
numbers by lowering the POD concentration in the assay protocol. 
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DESCRIPTION 

[057] Although specific embodiments of the invention will now be described with 
reference to the drawings, it should be understood that various changes and modifications 
may be made without departing from the spirit, scope and contemplation of the invention. 
Indeed, the drawings and description herein are provided by way of examples, and not by 
way of limitations. 

[0581 A first aspect of the present invention provides an apparatus and method for 
sensing or detecting various target analytes, including especially macromolecules (e.g. 
DNA, RNA or protein) and ionic molecules (e.g. iron, chromium, lead, copper, calcium or 
potassium) using a biosensor incorporated on a single substrate (silicon, glass, plastic, 
etc.). The substrated biosensor system comprises at least two electrodes that are typically 
fabricated together as a single series microfabrication process step on the substrate. 
However, successive microfabrication steps may also be employed to fabricate the system. 

[0591 In a preferred embodiment, the electrodes are all made out of pure metal (as 
opposed to the Ag/AgCl electrodes of the prior art, for exmple). In another preferred 
embodiment, the substrated biosensor system comprises a working electrode, a reference 
electrode and a counter (auxiliary) electrode. Preferably the substrated biosensor system 
has the same electrochemical performance as a conventional electrochemical biosensor. In 
addition, the substrated biosensor system should be compatible with integrated circuit (IC) 
and/or MEMS fabrication processes and be capable of being constructed in a small area. 

[0601 A second aspect of the present invention provides an apparatus and method for 
confinement of reagent and/or solution in a biosensor using surface tension at small scale. 
The reagent and/or solution contain the necessary electrolytes and/or analytes needed for 
biological sensing. 

[0611 In a preferred embodiment, the apparatus and method in the present invention allow 
for each electrode used for sensing or detecting various ionic molecules (e.g. iron, 
chromium, lead, copper, calcium or potassium) and macromolecules (e.g. DNA, RNA or 
protein) to be in selective contact with the reagent and/or solution when the electrolytes 
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and/or analvtes are needed by using controllable surface properties and surface tension 
forces at small scale. 

[0621 In another preferred embodiment, the apparatus and method for confinement of 
reagent and/or solution (and thus the electrolytes and/or analvtes in the reagent and/or 
solution) using surface tension is incorporated with a portable or handheld device and is 
immune to shaking of the device. In addition, the reagent and/or solution should be held 
firmly in position by the biosensor using surface tension even when the biosensor is 
flipped upside down. 

[0631 A third aspect of the present invention provides an apparatus and method for 
integrating the components of an electrochemical sensor and/or sensors (e.g. electrodes) 
and additional required electronic circuit components (e.g. amplifiers) in an 
electrochemical sensor or sensors with integrated circuit (IC) technologies. The entire 
sensor system and/or systems can be incorporated on a single IC substrate or chip, such as 
a single semiconductor (e.g. silicon or gallium arsenide) substrate or chip. Preferably, no or 
much fewer external components and/or instruments are required to complete the system or 
systems. The sensor and/or sensors are preferably fabricated using the IC process. 

[0641 In any of the embodiments used for macromolecule electrochemical detection, a 
preferred feature of the invention is to modify the surface on at least one of the electrodes. 
Preferably, the surface is modified for anchoring macromolecules on the surface. 
Preferably, the surface is modified using a self-assembly monolayer (SAM) such as biotin- 
streptavidin. Preferably, the SAM is placed on the surface of a working electrode in an 
electrochemical sensor. Optionally, materials such as sol gel and/or carbon paste may be 
used to modify the surface (as a replacement for SAM or in combination with SAM). 

[0651 One embodiment of the present invention provides a robust and precise biological 
detection using electrochemical methods. Redox (reduction-oxidation) methods are used, 
without the need of a two-layered reference electrode (e.g., silver chloride coated on silver) 
having a known reference electrode potential as in the prior art techniques. 
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[0661 One embodiment of the present invention uses an effective means of achieving 
high specificity by detecting the bacteria's Renetic material (e.g. rRNA, mRNA, denatured 
DNA). By choosing a single-stranded DNA (ssDNA) probe whose sequence is 
complementary only to the target bacteria's rRNA or ssDNA, monitoring the hybridization 
event allows selective sensing of target cells. To maximize sensitivity, coupling the 
hybridization event with an enzymatic reaction leads to signal amplification, as each 
substrate-to-product turnover contributes to the overall signal. Biosensing to detect DNA 
hybridizations that are amplified by enzymatic reaction can still be completed within a 
reasonably short time according to the invention. 

fQQ&^f A prototype amperometric detector for Escherichia coli (E. coli) based on the above 
determinations and technologies is described in the following. The technologies of 
MEMS, self-assembled monolayers (SAMs), DNA hybridization, and enzyme 
amplification all contribute to the design of a miniaturized, specific, and The first aspect of 
t he i n ve n t i on rel a tes to d ete ction of var i ous target analytes, especially ion ic mo lecules (e.g. 
iron, chromium, lead, copper, calcium or pota s sium) and macrom o.l e cul. es (e. g . DN A, RNA 

or protein), using the principles of electrochemical detection. Th e prin ci p l es of 

e lectrochemical d e t e ction require the use of a r e dox c e ll and an el e ctroch e mical r e action in 
th e cell. 

[0063]The redox cell is a device that converts chemical energy into electrical energy or 
vice verso when a chemical reaction occurs in the cel l. Typically, the cell con s ists of three 
electrodes immersed into an aq ueous s o lu tion (ele ct r oly te) w i th electrode react i ons 
occurring at th e electrode s olution su rfaces. 

[006 4 ]The cell consists of two elect ro ni c ally conduc ting phases (e.g., solid or liquid 
metal s , semiconductor s , etc.) connecte d b y an ionically conducting phase (e.g. aqueous or 
nonaqu e ous solution, molt e n salt, ionically conducting solid). — As an e lectrical curr e nt 
pass e s, it must chang e mod e from e l e ctronic curr e nt lo ionic current and back to el e ctronic 
current. — These changes of conduction mode are accompanied by reduction oxidation 
reactions. Each mode changing reaction is called a half cell. 

[0065]Each electrochemica l re a ct i o n is r e du ction -oxi dation (redox) reaction that occurs in 
the redox cell. For example, in a spontaneous "chemical r ea c tion' 1 during the ox i dation of 
hydrogen by oxygen to water, electrons are passed directly from the hydrog e n to the 
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oxyg e n. — In contrast, in th e spontan e ous e l e ctrochemical r e action in th e redox c e ll, two 
separat e e l e ctrod e reactions occur substantially simultan e ously or in tand e m. 
[0066] An important feature of the redox cell is that the simultaneously occurring — 
reduction oxidation r e actions are spatially s e parated. — Th e hydrogen, for example, is 
oxidized at the anode electrode by transferring electrons to the anode electrode and the 
oxygen is reduced at the cathode electrode by accept i ng electrons from the cathode 
e lectrode. The overall electrochemical r e action is the sum of the two electrode reactions. 
The ions produced in the electrode reaction s , in this case positiv e hydrogen ions and 
n e gativ e hydroxyl ions, will recombine in th e solution to form the final product of th e 
r e action: wat e r. 

[Q067]During this process the electrons are conducted from the anode electrode to the 
cathode electrode through an out s ide electric circuit where the electronic curr e nt can be 
measured. The reaction can also be reversed; water can b e deco mposed into hydrogen and 
o xy gen by the application of electrical pow e r i n an electrolyt i c cell. 

[0068]A thre e -ele ctro de s y stem of t he i nvention i s an ele ct rochemical cell con tai n i ng -^ 
working electrode, a co unter electro de (or auxiliary electrode), and a reference el ectrode. 
A curr e nt may flow b e tw ee n the working and counter e l e ctrodes, while th e pot e ntial of the 
working e l e ctrode is m e asur e d against th e ref e r e nce e l e ctrod e . This s e tup can b e used in 
basic re s earch to invest i gate the kinetics and mechanism of the electrode reaction occurring 
on the working electrode surface, or in electroanalytical applications. — The detection 
module in the preferred embodiment in the instant invention is based of a three electrode 
s ys tem. 

[0069]Th c counter e lectrode is u s ed to make an electric al conne ction to the electrolyte so 
that a cur r ent can be applied to the working electrode. Th e c o unter electrode is usually 
mad e of in e rt materials (nobl e m e tals or carbon/graphit e ) to avoid its dissolution. — It ha s 
b ee n obs e rv e d in conn e ction with th e pres e nt inv e ntion that a small featur e or small cross - 
section at the counter electrode will heat up the surrounding solution when a large current 
is pulled out from the counter electrode. — Bubbles will be generated if the current is 
continuou s ly overflowed, and ultimately dissolution of the elec trode occurs. — Thus, the 
bubble formation can be av o i d e d b y contro l li ng the current and/or the el ec tr o d e s ize. In a 



309005876.P002 



26 4 /029 15 

Patent 

pr e f e rr e d embodim e nt of the pr e s e nt inv e ntion, th e width of th e count e r e l e ctrod e is largo 
e nough to avoid this h e at up probl e m e v e n at larg e curr e nt. 

[0070]The referenc e electrod e is used as a referenc e point against which the potential of 
oth e r electrodes (typically that of the working electrode or m e asuring electrod e ) can be 
measured i n an electrochemical cell. The few commonly used (and usually commercially 
available) electrode as s emblies all have an electrode potential independent of the 
dcctrolxt e us e d in the cell, such as a silver/silver - chloride electrode, calomel el e ctrod e , or 
hydrogen electrode. However, the present inven ti v e enti ty has determined that a singl e 
la yer ele ctrod e , such as a singl e layer of gold electrod e , can fulfill th e r e quirem e nt for a 
r e f e r e nc e e lectrod e .. — In addition, oth e r mat e rials such as silv e r, copp e r, platinum, 
chromium, aluminum, titanium, nickel may also work as a single layer reference electrode 
under the right conditions. 

f 0071]The wo r king electrode play s a cen tral r ole i n - thc electrochemical biosen sors o f t h e 
i n ventio n . The reacti o n oc cur r ing at the working electrode may be us ed to perform an 
el e ctroc hem i cal analy s is of the el e ctrolyte solution. It can s e rv e cither as an anode or a 
cath o de , depending on the applied polarity. One of the ele ctrodes in som e " classi c al two - 
electrode" cells can also b e consid e red a "working" ("m e asuring/' "indicator," or 
" se nsing") el e ctrod e , e .g., in a pot e ntiometric e l e ctroanalytical s e tup wh e r e th e potential of 
the mea s uring electrode (against a ref e rence electrode) i s a measure of the concentration of 
a species in th e solution. 

[0072] In a preferred thre e el ectro d e e m bodi m e nt, the counter and reference electrodes are 
configured t o extend generally about the periphering of the working electr o de of the 
bio s en s or. Suitability configurations arc seen in, for example. Figs. 3, 4 , 5, 12, 13 and 23. 
[0073]ln a preferred embodiment the electrochemical biosensor is fabricated u s ing 
micro e l e ctrom e chanical sy s t e ms (MEMS) t e chnology. Ref e rring now to Fig. 3, a lay e r of 
silicon dioxid e (SiO s , 1000 A) is d e posit e d on a bar e silicon wafer 200 (prim e grade, p - 
typ e <100>, thickn e ss 500 550. — urn) and serv e d as a pad lay e r und e rneath th e silicon 
nitrid e (Su N 4 , 1000A) to r e l e as e str e ss and improve adh e sion. — /V plurality of MEMS 
biosensors (such as biosensor 210) wer e fabricated with working e lectrodes of various 
dim e nsions (such as working electrode 220). Preferab l y each of the working e le ctrodes is 
etched to form a well up to 350. p.m in depth. 



3O9005876.P002 



2 64/ 029 16 

Patent 

[007 4 ]Th e nitride coat e d silicon waf e r 200 was patt e rn e d and bulk e tched using KOH 
along the [111] and [100] crystal planes, and th e depth of th e well was controll e d by KOH 
e tching tim e and t e mp e rature. The 100. — j.tm wid e auxiliary (such as auxiliary e lectrode 
230) and r e f e rence (such as ref e rence el e ctrode 2 4 0) electrodes are s e parated from their 
corr e sponding working e l e ctrode 220 by 200 jam. Fig. 3 shows a sch e matic of th e patt e rn 
used in generating the MEMS biosen s ors (such as bios e nsor 210). 

[0075]The nitride and oxide were r e moved by HF etching to release internal stress, and 
a nother oxide layer (500QA) was dep o s i ted for el e ct rical isolation. — Electrodes were 
patterne d by PR521 4 photo resist reverse ima ging an d lift off process with electron beam 
d e position of Au(2000 A)/Cr(200A). — Finally the wafer 200 was bathed in 
hexameth yldisilaz a ne (HMDS) vapor for three minutes after ten minutes of a 150°C hot 
bake to g e n e rate a hydrophobic surfac e on th e surrounding Si ar e as. — Th e hydrophobic 
natur e of th e s urrounding ar e a, along with th e 3 dim e nsional nature of th e working 
electrode (such as working electrode 220), allows containment of a liquid droplet on the 
working electrode 220 during the initial sensing step of immobilizing to the working 
electrode molecul es of intere s t in the solution. — This design effecti v ely minim i zed non 
specific binding of biomolecules to other ar e as o f t h e M EMS array . 

[0076]P r eferably the material used f or al l t he electrochemical electrodes is gold (Au). 
Several conducting materials, availabl e in ME MS technology, were patterned on a silicon 
substrat e by th e lift off proc e ss, and the charact e ristics of the thr ee electrod e syst e m were 
t es ted by cyclic voltanim e try with ferricyanid e solution. Diff e rent combinations of gold, 
platinum, titanium and aluminum electrodes were tested and the Au/Au/Au three e l ectrode 
system gave the best C V curve and redox characteristics. 

{0 077]Fig. 4 shows an embodimen t o f biosensors fabricated on a square substrate 300 
(s uch as silicon, gall i um arsenide, plastic and / or glas s ) having a plurality of circular 
biosensors, such as biosenso r 310. The bio se n s or 310 compri s es a w o rking el e ctrode 320, 
a ref e rence electrode 330, and a count e r (auxil i ary ) e l e ctrod e 3 4 0. — A s pr ev io us ly 
mention e d, pref e rably the el e ctrod e s are constructed out of a single layer of conducting 
mat e rial s , available in MEMS technology. Furth e rmor e , all of th e el e ctrod e s should 
preferably be con s tructed out of gold (Au). 



509005876.P002 



26 4 /029 17 



Patent 



[0078]Fig. 5 shows y e t anoth e r pr e f e rr e d e mbodim e nt of th e pres e nt invention. — -Pke 
bios e nsor 4 10 compris e s a working electrod e 4 20, a refer e nc e e l e ctrode 4 30 and a count e r 
(auxiliary) electrode 44 0 fabricated on the substrate. Pref e rably, the el e ctrodes ore made 
out of gold. The working electrode 4 20 is formed in a built in well 4 50 in the substrate up 
to 350 urn in depth. The well 4 50 is designed for confining a desired reagent within th e 
w ell defi ned spa ce. As shown i n Fig. 5, t he well 4 50 fabricated by the m i crofabrication 
method s described herein, is bordered by (111) silicon planes after KOH etching. — The 
working electrode 4 20 , defined by the microfabrication method s described above, cover s 
the entire well 4 50 surfac e . 

[0079]Li op e ration, th e abov e e mbodiments hav e th e advantag e of being easy to fabricat e 
and can b e fabricated tog e th e r as a single s e ries microfabrication process st e p on th e 

substrate. However, successive microfabrication steps may also be employed for 

fabrication. — Furthermore, as the following analysis and experiments below show, these 
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reversible electro c h emical pe rformance as conventi o na l bi os ensors. 

ffl08Qfl-B-ene e xpe riment, Cyclic Voltamm.et.ry (CV) analy tical t e c hniqu e is use d. CV is 
one of the most v ersatile analytical techniques us ed in t he study of elect roactive species 
and th e characterization of bio se nsors. It is widely us e d as both an indu s trial and acad e mic 
research tool in th e fundam e ntal charact e rization of e l e ctroch e mical syst e ms. — In Cyclic 
' Voltamm e try, th e pot e ntial is ramped from an initial pot e ntial (E 0 ) to a maximum pot e ntial 
fE ffl ) at a controlled (and typically fixed) s weep rate (V/sec). 

Fig. 6 illustrates this concept. Repeated cycles of reduction and oxidation of the analyte 
g en erate alternating anodic and cath o d ic currents i n and out of the w o r kin g electrode. 
Since the solution and/or reag ent is no t st i rred, diffus i on effect s a re ob s erved at differ ent 
analyte concentrat i on s and different scan rates. 

[0081] S e paration of the anodic (i p a ) and cathodic (i fH > ) curr e nt peaks can be used to prediet 
th e numb e r of el e ctrons involv e d in th e r e dox r e action. Th e p e ak curr e nt is also dir e ctly 
proportional to th e analyt e conc e ntration, C and scan rat e , v. — Exp e rim e ntal r e sults ar e 
u s ually plotted as current versus potential, similar to the graph shown in Fig. 7. 
[Q082]ln the CV scan shown in Fig. 7, the potent i al is graphed along the x axis with more 
positive (or oxidizing) potentials plotted to the right, and more negat i ve (or reduc i ng) 
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pot e ntials to th e l e ft. — Th e current is plott e d oil th e y axis with cathodic (i.e. ? r e ducing) 
curr e nts plott e d down along th e n e gativ e direction, and anodic (i. e . oxidizing) currents 
plott e d in the positiv e dir e ction. 

[Q0S3]The analyte used in the following control experiment was potassium ferricyarii.de, 
-Krji Fe(CN)^ (329.26 g/mol). which conta i ns an i r on atom in the +3 oxidation state (Fe ^f-m 
a buffer solution o f potassium nitrate, KNOs (101 .1 1 g/mol). At the s urface of a working 
e lectrode, a single electron can b e added to the ferricyanido anion. This will cause it to be 
reduc e d to the fe.rricyani.de anion, Fe^CNV *" , which contains an iron atom in the +2 
oxidation stat e (F e* 4 ): — This simpl e , on e electron e xchange b e tw ee n th e analyt e and the 
el e ctrod e is a w e ll behav e d, r e v e rsibl e reaction. This m e ans that the analyte can b e easily 
reduced to Fe ^ (CN) ^ 4 ' and then easily oxidized back to Fe w (CN) ^% 

[008 4 ]A redox couple is a pair of analytes differing only in oxidation state. — The 
electrochemical h al f-r ea ction for the F e il4 (CN) ^ 3 "-^-Fe j4 (CN) 6 4 " redox couple can be wr i tten 
as fo ll ows: 

The voltammogram shown in Fig. 8 exhibits two asymmetric peaks, one cath o dic (i pc ) and 
the other anodic (i p a ). U si ng a standard reference electrode, such as the normal hydrog e n 
electrod e (NHE), the formal pot e ntial associat e d with this half r e action is near +358 mV. 
If the working ele ctrode is h e ld at a pot e ntial mor e po s itive than +400 mV, then the 

analyte tends to be oxidized to the Fe^GfP^ 1 - form. — This oxidation at the working 
electrode causes electrons to go into the electrode from the solution resulting in an anodic 
c urren t. — At po t en ti al s mo re negative than +400 mV, the analyte ten d s to be reduced to 

-Fe^^GN^-^ . Thi s reduction at the working e l e ctrode causes e l e ctrons to flow out of the 
electr ode i nt o the solution resulting in a cathod ic current . — Sin c e the preferred sensor 
design embodiment of the pres e nt inv e ntion does not utilize a standard refer e nce electrod e 
like NHE, s i l ver / silver chloride (Ag/AgCl) or s aturated calom e l ele ctro de (SCE), and since 
all thr ee e l e ctrodes are gold (An), th e r e st (unbias e d) potential in this e xp e rim e nt is clos e to 
zero volts. 

[0085]The important parameter s of a cyclic voltammogram are the magnitudes of the 
cathodic and anodic peak currents (7^ and respectively) and the potentials at which 
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thes e currents ar e obs e rv e d (E^ and E f m , r e spectiv e ly). — Using these parameters, it is 
po s sibl e to calculat e th e formal r e duction pot e ntial (£ ,> — which is cent e r e d b e tween £ / w -and 
£p # ) and the number of el e ctrons (/?) tran s ferred in the charge transfer reaction. 
[0086]The peak curr e nt (i^ -er-i^ ) can be expressed by the Randies Sevcik equation: 



L = 0.4463nFAC 



RT J \ RT 



-m 



where, n ~~ number of electron s appearing in half reaction for the redox couple 
- — F- Faraday's constant (96,185 C/ mol) 

A - ele c trode area 
v - r ate at which th e po t ential is swep t (V/s e c) 

D ~ analyt e 's diffusion coeffici e nt (cm ^see) 

R — universal gas constant (831 4 J / mol K) 

T~~ absolute temperature (K) 
At 25°C\ the Randies Sevcik equation can b e reduced to the follow i ng: 



0) 

where th e const ant has units (i.e., 2 .6 8 7x1 ( f -C mo P -V™ 1 ^ 

[Q087]The R an dles-Se v cik equa t io n pre di cts that th e peak curr e nt sh o u l d be pro portional 
to the square root of the sweep rate when voltammograms are taken at different scan rates. 
As shown in Fig. 9, the plot of p e ak curr e nt versus th e squar e root of sw ee p rat e yi e lds a 
straight line. Th e Randi e s Sevcik e quation can b e modifi e d to giv e an e xpression for the 
slope of this s traight line as follows. 

iS/ope^frtfS^^ (4) 

Th e scan rat e dependence of the peak potentials and peak curr e nts are used to e valuate the 
number of electrons participating in the redox react i on as well as provide a qualitative 
account of the degree of reversibility in the overall reaction. — The number of electrons 
tran sf erred in the el e ctr od e rea ct i o n (//) for a reversible redox couple is determined from 
the separation between th e peak potentials {AEp ~ Epa — Epc). For a simple, reversible 
(fast) redox couple, the ratio oF th e anodic and cathodic pe ak curren t s s h o uld be equal to 
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on e . Th e results of th e e xperim e nt using the pref e rr e d sensor d es ign d e viat e only slightly 
from unity. Large d e viations would indicate interf e ring ch e mical r e actions coupl e d to the 
electrode processes, but slight deviations from unity merely suggest a non ideal system. 
Fig. 10 shows th e CV scan for 12 consecutive cycles with minor deviations from the first 
cycle. These resu lts c l e a r ly indicate a highly reversible system and robust cell design. 
[0088]Bcsides being easy and cheap t o fabrica te while having the same performance as the 
conventional s e nsor, the above embodiments of the present invention al s o hav e the 
advantages of being compatible with the integrated circuit (1C) an d t h e MEMS fabrication 
proces s . Furth e rmor e , as shown in Figs. 3 and 4 th e se e mbodim e nts ar e capabl e of being 
construct e d in an array of bios e nsors and in a small area. 

[0089] A s econd aspect of the pres e nt invention relates to confinement of a reagent and/or 
solution in a biosen s or using surface tension at small scale. — The reagent and/or solution 
contain s the target analytc(s) and/or the chemi ca l (s) needed f o r b i osensing. 
{009 0] A bi osen so r 's pe rfo rmanc e is mainly determined by its specifi ci t y a n d s en sitivity^ 
The co n c ep t of co nfining the r e agent on a substrate, such a s s ilic o n , w a s disc overed in 
inve st igations relati ng to t he present invention to be a solution for reduc in g the high level 
of d e t e ction nois e caused by th e non sp e cific binding of th e analyt e or oth e r reag e nt or 
solution compon e nts, such as Hors e radish Peroxidas e (HRP), onto r e gions arund th e 
periphery of the working electrode and causing high detection noises and creating high 
false positive rates. — HRP is us e d in th e instant e mbodiment as a s ignaling enzyme. — Te 
verify that noise does come from the HRP r es idu a l at th e surfac e, a s i mple te s t was done to 
estimate the contr i bution of th i s un wanted binding. HRP was introduced to a bare silicon 
chip, followed with several wash steps befor e t he addition of th e substrate solution, A very 
high level of e nzymatic rea c ti o n wa s observed immediately after adding the substrate 
solution. 

[0091] As expected ? "HRP ? lik e oth e r prot e ins, stick s to th e silicon surface easily and tightly. 
Several commercial wash solutions and blocking protein were tested without any 
significant improv e ment of reducing non specific binding. — Thus, i t was determined that 
the best way to avoid the effe c ts ofund es i ra ble binding is to prevent it from happening in 
the first place. The area outside the working ele ctro de of the bi osensor o f the inve n ti o n 
n e ed not encount e r the HRP so lution in order to achieve biological sensing. In the prior 
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art how e v e r, it is conv e ntional to imm e rse all thr ee e l e ctrodes in aqu e ous syst e m all th o 
tim e and all th e r e agents would flow through all the surface ar e a. 

[0092]The simplest way, discovered by the present inventiv e entity, to confine certain 
reagents within a w e ll defined space is to form a well in th e bios e n s er. As shown in Fig. 5, 
a micro fabr i cated well i s bordered by silicon crystal planes 4 00 after KQH etching. The 
working electrode 4 20 defined by a lift off process cover s the whole well su r fa ce. T hu s, a 
r eagent o r so lut i on containing compon e nt s capable of non -s pecific- bindi ng (e.g. H.RP) may 
initially be confined to the well area to achieve the desired binding to the electrode in the 
w e ll (preferably th e working e l e ctrod e ), while avoiding non sp e cific binding to the 
p e riph e ry r e gion of th e bios e nsor, — The r e agent or solution can then b e washed off the 
biosensor and addit i onal reagents and/or solutions lat e r added to complete the sensing 
process. 

f00 93]T he-impo rt a n cc of sur face and material science canno t b e u nd e r est im at ed when 
d esign i n g a biosensor . — An unacceptable amount of non specific b i nding may still occur 
du ri ng the was h i ng process wh ile the di l uted rea g e nt is- flow i ng ar cm nd the wafer surface. 
The time for the wash solution conta i ni n g HRP, for example, to stay on the periphery 
region is much long e r than th e binding tim e constant. Th e refor e , besides fabricating the 
w e ll structur e , th e surface of the p e riph e ry area pref e rably should b e prot e cted by oth e r 
mechanisms. 

[009 4 ]Thus ? another way to keep the surface from contacting undesired reag e nts or binding 
components i s to ma ke it hydroph obic. Silanation of silicon surface is widel y used to 
p revent s uspended str uctur es from sticking to substrate by su rf ace tension. This ap p ro a c h 
was us e d here to p rev en t th e dir e ct contact of biomolecules to t h e p e riphery area of the 
silicon s u b st r ate . 

[0095]Silan e bas e d mol e cul e s with various functional t e rminal groups hav e b ee n used to 
modify surface prop e rties of silicon waf e rs, silicon nitride chips, and atomic force 
microscopy (AFM) tips. Silan e compounds for the surface modification form robust 
monolayers chemically tethered to silicon oxide surfaces as a result of hydrolysis of 
term i nal S i ( Cl ) fl or Si O CaHj; gro u ps. 

[0096]The performance of artificial mater i al s in contact with biological systems is 
d e t e rmined by the surface interaction s of the two materials. Sinc e the surface int er a c tion 
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could result in nois e incr e asing and structur e damage, surfac e modification is one way to 
avoid this probl e m. Th e e asiest way is to change th e surfac e property of th e structur e or by 
using plastic. By converting th e surface into a biocompatible or bio inert surface, non 
specific int e raction will be limited to a minimum or eliminated by the fabrication of a 
molecular layer fir mly teth ered to the surface. The most widely implemented approach 
us es a se lf assembly monolayer (SAM) from thiol molecules by ch emi s orp tion onto a gold 
surface and si lane mol e cules to form SAM on a silicon oxide s urface according to w e ll - 
established procedures developed in the S0 ? s mostly by C. D, Bain, and G. M. Whitesides. 
Other mat e rials such a s sol gel and carbon past e may also be used to modify th e surfac e . 
[0097]In operation, r e f e rring now to Fig. 11(a), th e r e ag e nt is shap e d by th e hydrophilic 
working electrode and a droplet is nicely formed over the Au working electrode surface- 
Fig. 1 1(b) demonstrates that with increasing volume of the reagent, the area covered by th e 
rea g ent w i ll gradua l ly e xpand and th e n cover t h e oth er two electr o de s. — F ig. 1 1( c) shows 
that-when an exces s- stream of reagent is administe re d by pipette, a ball 4 65 of reagen t will 
be formed in s tead o f sprea d ing out on the hydrophobic si l icon substrate. 
£0&98ffi*r n in g now to Figs. 12 and 13, each individual el ec tr o de will be in contact with 
electrolyte and/or analyte and oth e r compon e nts 509 only wh e n n e ed e d by using 
controllable surface prop e rty and surfac e tension force at small scale. Referring now only 
to Fig. 13. for electrochemical detection, all electrodes have to b e immersed in the 
electrolyte and/or analyte 509 only at detection time. For most application s , the major it y 
of time is spent on sample preparat i on as depicted in Fig. 12 to imm o b ili ze the electrolyte 
and/or analyte 509 onto work in g electr o d e 510. In this embodiment a s shown in F i gs . 12 
and 13, the coverage of the el.octrol.yto and/or analyte 509 over the el ec trodes is controlled 
by surface property and r e ag e nt volume 520. 

[OlOOJThus, the abov e e mbodim e nts tak e advantage of surfac e t e nsion at small scal e to 
confin e the e l e ctrolyt e s and/or analyt e s and oth e r compon e nts. — In addition, th e above 
e mbodiments require much less reagent (in the order of pL to mL); and eliminate the need 
for bulk s olution. — Furthermore, because of the small amount of reagent use, the above 
em b odi ments have the adv anta g e s of having the analyte clo s e to the electrodes (p m to 
mm), whereby adequate exposure of anal y te to the e l ectrodes can be achieved using 
diffusion effects alone, and th e need for s tirring or other mixing i s eliminated. — Another 
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advantage of th e above e mbodim e nts is the e ase of the control and/or change of the 
cov e rage of e l e ctrolyt e and/or analyto over th e e l e ctrod e s. — Mor e ov e r, the above r e agent 
and/or solution confinem e nt embodiments reduce th e loss of target analytes and improv e 
the sensitivity of the biosensor by greatly reduce non specific binding. — In addition, the 
ab o v e embodiments are rela tively i mmune to shaking of the biosensor and arc suitabl e for 
po rt able o r h andheld system s . Lastly, due to th e su rfac e tension confinement effect, the 
reagent will be held firmly by surface t ension eve n the sen s or is flipped upside down. 
[OlOlJOpt io n ally, as shown in Figs. 12 and 13, the b i os en s or e m bodiments can b e 
equipped with a r e action w e ll 530 to help hold the r e agent 520 in plac e and to control th e 
shap e of th e r e ag e nt 520. How e v e r, such a w e ll 530 is not required and the confinement of 
the reagent 520 can be achieved by a simple flat surface. 

[01Q2]Referri.ng now to Fig. 1 4 , this s how s the first step of a preferred fabrication of an 
em bo di men t of th e p re s en t b ios ensor ( s ensor chip). As show n in Fig. 1 4, a layer of silicon 
dioxide (S iO^H 000/V ) 620 is first dep o si te d o n a b a re Si- wafer 610 (prime grade or te st 
grader- p ty p e o r n type < 1 00 > ; thickne ss 500 5 50 urn). T he silicon d io x id e 620 serves as a 
pad layer underneath the s ilico n n it ride 630 (Si aN.! , lOOOA) to release stress and improve 
adhesion, 

[0103]N e xt, re f e ning to Figs, 15 and 16, th e nitrid e wafer 600 is pattern e d (Fig. 15) by- 
mask 6 4 0 and bulk e tched using KOH along th e [111] and [100] crystal plan e s (Fig. 16). 
The etching creates a well 650 and the depth of the well 650 (up to 350 \xm) is controlled 
by KOH e tching tim e and temperatur e . 

[01 0 4 ] Referring now to Fig. 17, the nitride 630 and oxide 620 wer e then removed by ITF 
etching to release internal stress, and another oxide 660 layer (5000A) is deposited for 
electrical i s olation. Figure 17. 

[0105 ] Figs. 18 and 19 show a liftoff proc ess fo r the fabr i cati o n of the neces s ary 
electrode s . The el e ctrodes for biosensing are patterned on s ubstrate 610 by u s ing PR5214 
photo resist layer 670 on s ilicon dioxid e layer 660. N e xt a mask 6 71 is used to transfer a 
d e sir e d patt e rn onto photo r e sist lay e r 670 by using r e v e rse imaging proc e ss (which 
includes th e r e moval unwant e d photo r e sist lay e r 670). A lay e r of gold Au (2000A) 6S0 is 
electron b e am deposited on silicon dioxide layer 660 with the desired photo resist pattern 
layer 670. Preferably, a deposition of an adhesiv e 690, such as chromium (Cr 200 A) occur s 
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b e fore th e deposition of Au(2000A) 680 to improve the adh e sion of the Au onto the silicon 
dioxid e lay e r 660. In addition, oth e r mat e rials such as titanium or glu e may also work as 
an adhesiv e . Lastly, ref e rring to Fig. 19, any photo r e sist 670 and unwant e d An 680 and 
Cr 690 ar e removed by dissolving the photo resist pattern lay e r 670. 

[0106]Fina11y the wafer 600 is bathed in hexamethyldi s ilazane (HMDS) vapor for three 
minutes after ten minutes of a 150°C hot balce to generate a hydrophobic surface on the 
surrounding silicon areas. 

[0107JPrefe.rab.1y, the s urface of the biosen s or (sensor chip) is modi lied by a s urface 
modification st e p to pr e v e nt non sp e cific binding. As an e xample, ref e rring to Fig. 20, a 
macromol e cule bios e nsor's surfac e can be modified by th e steps of first cleaning th e Au 
surfaces 680 with concentrated "P i ranha" solution (70 vol% 30 vol% Ha Q a) and 

thoroughly rinsed with deionized water (dH^Qj-. — Next, referring to Fig. 20, surface 
modification mat erial s u ch a s S AM of bi o tin - D AD-C12-S H (12-n>e r c apt o( 8 -biofH iamid e- 
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S AM of biotin-DAD-C 1 2 SH), the procedure of Spink e , et at , ( 1993 ) was u se d wherein 
sampl e s were incubated for - 18 hours in a 50mM solution of biotin - DAD CI 2 SH in 
e thanol with 4 .5x1 04M 11 mercapto 1 und e canol (Aldrich Ch e mical Co., 44 ,752 8) and 
rins e d with ethanol and water. Finally, referring to Fig. 21, th e biotin coat e d Au surfaces 
700 were then exposed to a LQ mg/ml streptavidin solution for ■ 10 minute s and rinsed 
again with dH a O to form a streptavidin coated Au surface 710. 

[010S]A t hi rd as pect of the present, invention relates to the integration of an entire 
electrochemical (redox) biosensor on to a s in gle integr ate d circuit (IC) chip. An integrated 
circuit (IC) is defined as a tiny w a f e r of substrat e material upon which is etched or 
imprinted a complex of electronic comp onents and their in t e r c onne ctio ns . 
[0109JMEMS d e vic e s hav e distinctiv e properties as a r e sult of small f e atures but th e signal 
l e v e l from MEMS -bas e d sensor is r e lativ e ly low compar e d to a conv e ntional sensor. 
Sens i tivity can be improved by using an off chip amplificat i on modu l e bu t it also increases 
the noise and the s ystem size. — Thus, the present inventive entity designed an on chip 
amplification circ uitry (amplificatio n ci r cuit incorporated on the biosenso r chip itself) and 
detection circuitry (such as prov i ding bias potential, current measurement, s equential 
control and signal proces s ing) to reduce the inter chip int e rf e r e nce. Both the detection 
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circuitry and th e amplification circuitry can be provid e d by using bipolar transistor (BIT) 
and/or compl e m e ntary metal oxid e s e miconductor (CMOS) d e vices. 
[01 10]ln a present e mbodim e nt, an on chip amplification devic e i s equipped underneath 
the working electrode, which i s typically the largest area of the e lectrochemical sensor cell. 
Analogou s t o the open - base bipolar (BJT) photosensor, the b as e r egion receives the curre nt 
from the transducer with the current ga i n beta p ; which ranges from 80 150. There are two 
t y p es o f BJT which can be implemented with an electro chemical cell vertical BJT and 
horizontal BJT, The current gain is determined by the length of base region. In vertical 
BJT; this is a function of ion implementation energy and doping concentration. In 
horizontal BJT, th e l e ngth is a function of lithography r e solution, ion implem e ntation angle 
and th e rmal diffusion. For these reasons th e v e rtical BJT is more re l iable in t e rms of chip - 
to chip or in ch i p gain uniformity. 

[Oil l]Fig. 22 shows in cross section an embodiment of in chip amplifier circuitry that 
preferably include s a b io s e ns or co mpri si ng three metal electrode s used f oF-eteetroehc mi cal 
sens ing. Preferab ly, the— thfee electrodes are fabricated using integrated circuit (1C) 
processes an d ha ve a relatively large area for interconnect i o n a nd isolation. The entir e 
bi osenso r chip 700 can be stacked in two stages (electrochemical sensing stage 730 and 
bipolar trans i stor (BJT) amplify i ng stag e 720) and th e Au working e lectrod e 710 can act as 
an e l e ctromagnetic shi e ld for th e BJT d e vic e 720. Th e working electrod e contacts (such as 
contact s 733, 73 4 , 735, 736, 737 and 738) mak e contact to a contact interface 7 4 0 and also 
increase the surface area of the working electrode 710 for higher signal. All contact and 
electrode structures can be made with a single layer of metal s uch as gold. In addition, 
biosensor chip 700 comprise s a silico n substrate 7 44 . Substrate 7 44 i ncludes a b as e region 
7 4 3, a collector 7 42 an d an e mitter 7 4 1. Base region 7 43 re ce ives electron flux from 
working el e ctrode 710. Collector 7 4 2 is connected to a power source and p r ov i de s th e 
current gain under certain base conditions f o r amp.litlcati.on. reasons. A resulting current 
from bas e 7 4 3 and coll e ctor 7 4 2 i s th e n measur e d at emitter 7 4 1. 

[0112]R e ferring s till to Fig. 22, m e tal int e rconnect 750 i s conn e ct e d to signal output (not 
shown) and emitter 7 4 1. Gold work i ng electrode 710 connects to base region 7 4 3 through 
a fir s t layer 760 of silicon dioxide via etching. — A s e cond layer of silicon dioxide 770 
isolates t he BJT 72 0 and signal line while fir s t layer 760 isolates the three electrodes 
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(working e lectrod e 710, r e f e r e nce e l e ctrod e 780 ? and count e r e l e ctrod e 790). Th e contacts 
(such as contacts 733, 73 4 , 735, 736, 737 and 738) on working e lectrode 710 incr e as e the 
surface ar e a and also form a s olid contact with BIT 720. Th e dimension of th e contacts 
(about a f e w t e nths e ach) is much larg e r than th e size of th e optional prot e in SAM 
(about a — few tenths A) on working el e ctrode 710 so the protein adsorption will not be 
affected. 

[01 13]Fig. 2 4 s hows a sectional view of another preferred embodiment o f a biosensor unit 
800 representing a preferred embodiment of a plurality of biosensors on a substrate 805 
shown in Fig. 23. As s een in Fig. 2 4 , the biosensor unit 800 comprises a CM.OS and/or 
BJT lay e r 830, an e l e ctroch e mical lay e r 8 4 0 and a r e ag e nt containment layer 850, and is 
g e n e rally similar to th e Fig. 22 e mbodim e nt alr e ady d e scrib e d. 

[01 1 4 ]Thus. as shown in Figs. 22, 23 and 24, the third aspect of the present invention is 
related to a biosensing system that allows for direct integration without chip to chip 

detection. The system d oes n ot req uire an external co mpo n en t (i nst r umen t) o r req u ires 
only a minimum number o f extern al components to constitute a co m pl ete system. 
Furth e rmore, this a ll -in-o ne biosensing system reduces th e cost and noi s e level of 
biological se nsing and simp l ifies the proc e ss of such s e nsing. 

[0115]Ref e rring now to Fig. 25, which shows an example of how an e mbodim e nt of the 
pr e s e nt bios e nsor (s e nsor chip) can pref e rably be fabricat e d by int e grat e d circuit (IC) 
technology with a CMOS device and/or devices. In addition, a BJT device and/or d e vices 
(not shown) may also be included. — As shown in F i g. 25, an integrated circuit (IC) is 
fabri c ated on semiconductor substrate 900 with a lay er of silicon dioxide 905 with a poly 
silicon gate 907 on top of a act i ve well region 909. Poly silicon gate 907 is fabricated from 
an amorphous silicon and it is used for switching the transistor comprises low resistanc e 
sourc e 91 7 and drain 91 9. 

[01 16]R e f e iring now to Fig. 26, an oxid e lay e r (5000A) 920 is n e xt d e posit e d on the 
substrat e 900 for electrical isolation. Ref e rring now to Fig. 27, th e silicon dioxid e lay e r 
920 i s then selectively e tched by using lithography and etching methods to form an electric 
connection hole 9 4 0. Referring now to Fig. 2S, a conducting p l ug 950 is then applied into 
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th e contact hol e 9 4 0, Conducting plug 950 is us e d as int e rconn e ction betw ee n conductiv e 
e l e ctrode 960 with low r e si s tanc e sourc e 917 and/or drain 919. 

[01 1 7]Fig. 29 shows a lift off process for th e fabrication of the n e cessary electrodes. The 
electrodes for biosensing are patterned on substrate 900 by using FR521 1 photo resist layer 
970 on silicon d i oxide layer 920. — Next a ma sk 921 i s used to tran s fer a desired pattern 
onto photo re s ist layer 970 by using reverse imaging process (wh i ch includes the removal 
of unwanted photo resist lay e r 970). A layer 960 of gold Au(2000A) and/or Cr(200A) is 
electron - beam deposited on silicon dioxide layer 920 with the desired photo resist pattern 

lay e r 970. Lastly, r e ferring to Fig. 30, any photo r es ist 970 and unwanted Au/Cr 960 are 

r e mov e d by di s solving th e photo r e sist pattern lay e r 970. 

[011 8] Referring now to Fig. 31, this shows an example of how an embodiment of the 
present biosensor (sensor chip) 1000 can preferably be used to detect an ionic molecule, 
such as iron (Fe). In thi s emb o di m ent, the sensor surface 1010 is not mo di f ied and is r ead y 
to use aft er t h e pest fabri c a tieft-elea n i ng a s sh e w n in t-he- abovc fabrication em bodi m ent. 
The an alyte used in this embodiment wa s potassium ferricyanide, KaFe^N)^ (329.26 
g/mol), which contains an iron atom in the +3 o xidatio n state (Fe m ) in a buffer s olution of 
potassium nitrat e , KNO 3 (101.11 g/mol). As shown, in Fig. 31, th e mixed solution 1020 
with analyt e s (or r e ag e nt with e l e ctrolyt e s) is appli e d onto all thr ee ele ctrodes (working 
1030, reference 10 4 0 and counter electrode 1050). — The volume of the solution 1020 is 
adjusted so the droplet is confined over all three electrodes by surface tension forces. 
[0119]Next, referring to Fig. 32, the Cyclic Voltammetry (CV) current vs . bias potential 
was measured using a C H I n st r uments 660A Electrochemical Work s tation with a pi c o a mp 
booster and faraday cage. The potential is swept between 0.1 volt and — 0,4 volt a n d t he 
current is measured throu gh working electrode 1030 r 

[01 20] After th e m e asur e m e nt, th e Au surfac e s w e r e cl e an e d with acetone, alcohol, and 
conc e ntrat e d "Piranha" solution (70 vol% H^ SQ ^ 30 vol% Fb .Qj. ) and thoroughly rins e d 
with deionized water (d'H^O) if the sensor 1000 is to be re used. 

[0121]Fig. 33 shows a preferred embodiment for macromo l ecules (e.g., DNA, RNA, 
protein) d et e ction. — Preferab ly, the detection of the concentration of macrom olecule s 
(DNA, RNA, protein) does include th e sensor s ur fa ce mod i fication of biotin/Strcptavidin 
lay e r. — The sensor surface is modified with a prop e r biochemical solution to form a 
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str e ptavidin lay e r alt e r th e post fabrication cleaning as shown in th e s urface modification 
process describ e d abov e . Aft e r the surfac e of th e biosensor 1100 has b ee n modifi e d, the 
amperometric biosensing of pathog e n is conducted by first adding 50 ml of lysis r e ag e nt 
(0. 4 M NaOH) to a 250 ml sample of bacteria solution and incubated for 5 minute at room 
temperature. — 100 ml of probe solution (anchoring and signal i ng probes) wa s then added, 
and the mixture was incubated for 10 min. at 65°C. — 5 (iL of the lysed E. coli/probe 
solution mixture 11 20 is then placed on the streptavidin coated working electrode 1 130 of 
the biosensor 1 100 and incubated for 10 min . at room temperature. 

[0122]Ref c rring now to Fig. 3 4 , the biosensor 11 00 is then washed with biotin wash 
solution (K irk eg aar d and Perry Laboratories, 50 - 63 06). Next, 5 t uL 11 4 0 of Anti - Fl - POD 
(Anti fluorescein p e roxidase, 150U, Roche Inc., 1 4 26 3 4 6), diluted to 0.75U/ml or 0.15 
U/ml with dilutant (PBS/0, 5%Casein) is plac e d on [h e working el e ctrode 1130 and 
incubat e d for 10 minut e s at room t e mp e ratur e . 

[ 01 23]Referring now to Fig. 35, the biosensor is then washed again with wash solution. 
Aft e r the wa s h, 10 {.iL 1160 of K blu e substrat e (N e og e n Corp., 300176) is placed on the 
b i osensor in such a way that all three electrode s (working 1 130, reference 11 40, counter 
1 1 50) are covered by the sub strate sol ution 1 1 60. 

[012 4 ]Final ly, the el ec tr o chemical (more specifically th e redo x) measurem e nts ar c 
immediately taken. — Amperometric current vs. time is measu r ed using a C H Instalm ents 
660 A E l ectroche mical Workstation with a picoamp booster and faraday cage. Samples on 
th e bios e nsor ar e to b e measur e d s e qu e ntially. Th e voltag e should b e fix e d at — 0.1V (vs. 
r e f e r e nc e ), and a cathodic curr e nt (amp e rom e tric signal) r e ading should b e tak e n in 20 
seconds b e caus e at 20 s e conds, th e current valu e s should r e ach st e ady stal e . — GeH 
concentration (cell number) is determined by using serial dilution s and culture plate 
counting. 

[ 01 25 ] After the measurement the Au surfaces should then be cleaned with acetone, 
alcohol, and concentrated "Piranha" solution (70 vol% H j£Q 4 ? 30 vol% H aQj) a n d 
thoroughly rins e d w i th de i o nized water (dH j O) if the sens o r 1 100 is to be re - u s ed. 
[0126]Pr e ferably, in any of the above biosensor embodim e nts the b i o se n s or i s calibrat e d 
befor e actual sampl e d e t e ction. Th e bios e nsor is pr e ferably calibrat e d with a calibrating 
solution that contain a known amount of targ e t analyt e (s) and anoth e r calibrating s olution 
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that contains an und e t e ctabl e amount ( e .g., non e ) of the targ e t analyte(s). Optionally, the 
bios e n s or may be calibrat e d with a plurality of calibrating solutions. Each of th e plurality 
of calibrating solutions resp e ctively contains a known amount of the target analyt o . 
Preferably, the calibrating solutions contain th e target analytes at different level of 
concen tr ations. These calibrations solutions are measured on the biosensor by the above 
described detection p ro ces s to obtain a reference signal and/or reference signals. — -The 
reference signal an d / or signals are then compared with the measur e d signal from a sample 
solution to determine the presence and quantity of the analyte in the sample reag e nt. The 
det e rmination of the pres e nc e and quantity ( e .g., concentration or absolut e amount) of the 
anaiyt e (s) can b e d e t e rmin e d by conventional biological interpolation m e thods. 
[0127]Appendices A. B, and C provide additional material to further characterize the 
present invention. 

[01 28] All references h er e i n to ou t sid e li terature, including reference s made w ith i n th e 
app e n di c es of this ap p lication, are hereby incorporated b y refer en ce to t he extent that they 
s up pl ement, explain, provide a background for or t e a ch met h o d o l o g y, tech ni q ues and/or 

compositions employed herein. In addition, th e refe r ences listed be low are also 

incorporat e d her e in by r e ferenc e to the e xtent that th e y supplem e nt, explain, provid e a 
background for or t e ach m e thodology, techniqu e s and/or compositions e mploy e d her e in. 
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Appendix A, 



Enzyme based electrochemical DNA sensor chip 
with MEMS technology 
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Cha pt er 1 Introduction to MEMS base d B i osens or 
— Ov e rvi e w 

Micro fabricat i on technology has been successfully produ c ing a wide range of 
miniatur e and micro scal e biosensors and actuators. Of particular interest s is the 
application of micro e l e ctrom e chanical system (MEMS) t e chnology to a biological 
s ystem. A bio logical system is difficult to manipul at e because of the feature siz e of 
the basic living comp o n e nt s an d the complex i ty of Mother Nature. W e a re do w n 
the road where the resol ution and accuracy of our observing tools are close to the 
fundamental unit of th e biological creature, this exploratory v e ntur e is only limit e d 
by time. 

T he ultimate goal of ME MS t echnology in biomedical appl ication i s not merely on 
"shrinking" the device size but to int e grate individual functional modules in a 
whole. Therefore th e design of e ach BioMEMS devic e should tak e into account of 
flexibility and capability of integration into micro total analysis s y s tem (u TAS). 




Separation 




Signal processing 



Control circuitry 



Figure. 1 Micro Total Analysis System 



Th e d e velopm e nt of low cost automated systems for DNA analysi s that will obtain 
quantity and id e ntity information of bioagents efficiently and accurat e ly will 
impact man y i n dus try sectors. This work pre s ent s a M EMS - based DNA sensor 
array chip, which is highly flexible to be adapted to the following biomedical 
applications. 
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2.8 cm 
4x4 DNA sensor 
array chip 



1 cm 

Micro sensor 
array(x14) chip 



50 urn 
DNA sensor array 
with amplify transistor 



Figure. 2Sensor Chip Revolut i on 
2r. — Some Applications of BioMEMS to Biomedica l detection 
Bio warfar e 

Backgroun d 



Biological warfare (BW) is the use of microorganisms or toxins derived from living 
organisms to produc e death or diseas e in humans, animals, or plants. In spite of th e 
1972 Biological Weapons Convention p rohibiting the us e of BW agent s , concern 
over compliance sti ll r em ai n s. A highly addressed is s ue is the poss ibility th at th e 
solders may be exposed to bio l ogical weapons in the field. Characteristic s of many 
liv e biological ag e nts and toxins mak e th e m pot e ntially effecti v e for offensiv e 
military use . T h e se agents can provide a r e adily available and eff e ctive weapon in 
the hands of terrorists as well as assassins. 

There are more than 10 countries that have, or are developing, a BW capability. 
Th e production of BW agents do e s not requir e sp e cialized equipment or advanced 
technology. When compari ng equivalent amounts o f bio logical and chemical 
warfare agents, the biological agent is f ar m o r e potent. Only small amount s can 
produce large numbers of casualties. [1.2] 

Detection 



Dete cti on is vital in obtaining in f ormat i on on the risks. In o rder to reach deci s ions 
on the level of protection required, it is necessary to know the type of biological 
agent present in the area and whether the concentration, exc e eds the threshold level. 
An alarm d e tector must b e capabl e of op e rating continuously for long periods. It 
should r e quir e no particular attention except for changing bat te ries, etc., and might 
be operate d by per s o nne l with -shert4r aining perio ds . All th ese req uir emen ts deviate 
BW s e n s ors from the main stream of conventional sensing system. Def e ns e 
advanced research proj e cts ag e ncy (DARPA) dedicat e a sp e cial program to BW 
d e t e ction system and has p u sh ed the clas s ical science to anoth e r level. 
E. coli Screening for Food Industry 

Backgro und 
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In 1 99 4 , USDA's Food Safety and Inspection Service classified bacterium E. coli 
0157:H7 on g r o un d beef as an adulterant an d cl assified products found to contain 
the bacteria as unfit for consumption unless it was cooked or further processed by 
the manufactur e r. 

E. coli 0157 is a strain of the bacteria known to cause s erious gastrointestinal 
illn ess, an d usually i s encountered in contam i nated ground beef that has not been 
properly cooked. Outbr e aks of E. coli 0157 related illness have also been 
associated with th e consumption of raw milk, taint e d wat e r and c e rtain fruits and 
vegetabl e s. Although symptom s of E. coli 0157 infection typically disappear in 5- 
10 days, so m e pe ople — e s pecially the very young and elderly — may contract 
h e molytic uremic syndrome (HUB), which can result in kidney failure and even 
d e ath. About 60,000 cas e s of E. coli 0157 infection ar e r e port e d e ach year in the 

P o l icy and Initiative 

In January 1997, Pr e sid e nt Clinton announc e d a n e w, national food saf e ty initiative 
to fund a num ber of needed improvement s in foo d safety, including those efforts 
already undergoing in USDA. 
1 .Early Warning System 

2. Improve R e sponse s to Foo dborne Outbreaks 

3. Risk As sess m ent 

4 . R e s e arch 

5. Improv e Inspections and Complianc e 

6. Education 

7. Strateg i c Planning 

This initiative support s the need for research to more quickly identify and 
charact e rize foodborne hazard s , to provid e the tools for r e gulatory e nforc e m e nt, 
and to develop effective int e rven tions th at can be used to prevent hazards at e ach 
step from production to consumption. This research support s t h e needs n o t o nl y o f 
government agencies but the food industry as well. 

On e major bottl e neck of th e control over E. coli outbr e ak is th e e ffici e ncy of the E. 
c oli scre e ning. The time and cost of th e test limits the sampling n umb er a n d t h e 
response time. Rapid and c o st effective test m ethods for a v ari et y of p a thog e ns 
such as Salmonella and E. coli 0157:H7 ne e d to be developed. 
^VltedieaHMa g nosis (Ot it is Media) 

Backgrou nd 

Otitis M e dia, or middl e ear inf e ction, is an inf e ction insid e the e ardrum that caus e s 
ear pain and fev e r. It is mo s t c ommon in children and th e r e m ay be persisting 
deafnes s after the infect io n. O titi s Media remains the m os t f r e q u ent ill n e s s resultin g 
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in visits to physicians. Sev e n out of ten children will hav e at least one episode of 
th i s i n fe c tion before the age of three. And o n e third of the s e youngsters will have 
rep e ated bouts. 

Although curr e ntly th e r e is some debat e as to wh e ther antibiotics is a good id e a or 
not. it can not be d e nied that it is the standard treatment for th e acute middle ear 
i nfection in many countries. Clinical experience has proved that antibiotics are a 
very effective tr e atment. The risk of more serious spread of infection will be cut 
down and the pain is reduc e d. Bui ev e rything has two aspects. Antibiotics can 
cause some side effects s uch as diarrhea, vomiting or ra s h. Since th e current 
diagnosis can not dist i nguish the infection sources, usually all the antibiotics for 
each possible bacteria and virus source are giv en to the patients. Therefore the 
pati e nts tak e mor e than they n ee d and pay for mor e than they should. And mor e 
terribly, it i s increasingly awarded that unne c essary u s e of antibiotics can increas e 
^he-ris k of "supcrbug s" develo ping, which can resi s t the antibiotics. W he n peopl e 
need antibiotics for more seriou s or urgent situation, they may be ineffective. 

Diagnos is 

Currently, a n alar ming increase in antibiotic resistance has been ob s erve d 
wor l dwide. But: even today, determination of antib i otic resistance is made only 
after a cours e of antibiotic th e rapy fails to produc e am e lioration of the dis e ases. 
The patients have to suffer pai ns and danger for untim el y diagnosis of antibiot ic 
re sistance status . Therefore, for otitis med i a pati e nts, a rapid, effectiv e w a y to 
determinate antibiotic resistance status is as important as pathogen identification. 
Th e most e ffici e nt tr e atm e nt for the middle ear inf e ction is to scr e en for th e typ e s 
o f b a cteria or vi ruses that caus e the specific i nfection and u se the pro per antibiot ic. 
S i nce bacteria may be adapted into the harsh envi r onm e nt and become resistant to 
some antibiotics, it' s also very important to probe the antibiotic resi s tant gene 
within th e bact e ria g e nom e . After being inform e d th e information of the bact e ria 
re s ponsible for the infection and the antibi o t ic r esistance status, doctors can give 
the proper med ic in e with the least amo unt an d the maximum strength. 
A smart diagnosis system that can perform a rapid and highly accurate detection 
t e chniqu e should be dev e lop e d for clinical use. This syst e m should be abl e to 
substitut e th e l ab o r -i ntensive manual work with a minute samp le and s h orten th e 
t e st ti m e. Bacteria infection status and antibiotic resi stance c haracteristics should be 
determined without a technician before the infection s preads out. 
— Summary a nd Qbjee t i v e s of th i s W wk 

It is apparent that micro e lectromechanical systems exhibit tremendous potential 
for growth in th e n e xt d e cad e . It is also appar e nt, how e v e r, that th e biological 
characteri stics o f MEMS s tructure n e ed to b e e xplor e d. 

The objectives of this w o rk are twofold. Fir s t there are i m por tant scientif i c and 
technological issu e s that remain to be clarified in the study of MEM'S based 
bios e nsor. Th e sci e ntific und e r s tanding of int e rfac e int e raction of MEMS structure 
i n biological environm e nt must be e xpanded if pos s ibl e to include the surface 
property and biocompatibility of the materials. Su rface anal ytical experiments for 
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characterizing binding e vents in MEMS structures must be design e d and performed 
so that the interactions at bio and MEMS interface can be well predicted and 
controlled. From these fundamental measurements and the understanding gained, 
w e can e fficiently d e v e lop strategies for bios e nsor chip. 
The second main objective o f t his w o rk will entail the actual incorporation of 
various state - of the ait technologie s into the design process and fabrication of 
MEMS based DNA sensor chip. This is also the most s ignificant achievem e nt of 
this work, integrating diff e r e nt disciplines via functionality and maintaining the 
simplicity and the integrity of the entire s ystem . 

Chapter on e revie ws, in general, the s ign i ficance and backgroun d of the current 
applications of th is work in thr e e major fields. This chapt e r reveals th e unique 
r e quir e m e nts for certain application and th e s e exp e ctations lat e r becom e th e 
guidelines of sensor design. 

Chapter tw o f o cu ses on the fundamental concepts of B io MEMS devices and th e 
significance of the biocompatibil i ty is pointed out. The interactions at the interface 
play an in e ligibl e role in bios e nsing. The technical a s pects of MEM S techno logy 
are briefly reviewed, followed by the detail study of b io c ompatibility of MEMS 
devices. Fun c ti o nal surface is -p roposed as a so lution to implement a med i a layer 
between the m e chanical structure and the biological environment. 
Chapt e r thr ee e xamin e s four stat e of the art technologies used in this work. This 
chapter aims to fu rth e r the und e rstanding of the pros an d cons o f curr e nt t e chniqu e s 
and to lay th e foun dations for the DNA senso r c hip des ign. The s pe cificity ? 
sensitivity and speed of the n e w design are also illustrated as a benefit of 
int e grating th ese di s ciplin e s. 

Chapter four details the design aspects, fabrication pr o cess and experimental 
results. The process paramet er o p ti mization of each significant step is described 
stepwise. The preliminary result s of this work are illustrated in each relating top i c. 
Chapt e r fiv e introduc e s th e surfac e plasmon r e sonance (SPR) and atomic force 
microscopy (AFM ) for surf ace kinetic analy s is. The motiv ation of k ineti c s tudy i s 
to verif y the quality of the functional surfac e and to evaluate the potential of further 
improvement. 

Finally, chapter six summariz e s th e work n e ed to b e done to comp e te this work, 
i ncludin g kinetic analysis, dielectrophore sis con t r ol and integration with bipolar 
t r ansis tor. 
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Chapter 2 BioMEMS for Biomedical Application DNA C hips 



A v a r i et y of recent technological breakthroughs have m ade the development of 
DNA chips possible and mor e promising. Fundamentally, genetic chips, the driving 
forc e of all kinds of DNA chips, ar e th e r e sult of achiev e ments in two fi e lds: 
molecular biology and m icro fabr i cation technology. From engineering prospecti ve, 
the aspects of this work start from the improvements of modern microbio logy due 
to the contribution of microfabrication to the great s uccess of biosensing made 
pos s ibl e by micro and nano scale fabrication techniqu e s. 

Re s earch on microfabricatcd devices for biomedi c al applications (BioMEMS) has 
rapidly advanced in the last f ew y e ars. The functi o nality of such dev i ces for 
laboratory and clinical application ha s been widely documented with extensive 
work and d e velopment e fforts in many academic research c e nters as w e ll as in the 
in du st rial sector. The majority of BioMEMS research has focu s ed on the 
development of diagnostic tools such as cle ct roph o r ctic. chrom a to gr aphic, 
biosensor, and cell manipulation system. 
3r. — Micro and Nano - Scale Biote gy 

Mol e cular b iol og y has b ee n catalyz e d by the work of the Human G e nome Proj e ct 
(HGP) with in4ast--de cade. Without focu s ing t ee- much on the ethical, legal and 
social i mplications of H OP, the sa t el lite research efforts b rought about by HGP 
have pushed the fundamental science research to another peak. [3,4] 
Th e fast booming progr e ss in mo le cular biology ha s built a solid groundwork for 
the development of clinical laboratory diagnosis and therapi es inv o lv i ng geneti e 
probes . Fundamental advanc es incl u d e the use of polymer ase chai n reaction (PGR ) 
or other purification and amplificat ion technique enable the study of only few- 
copies of a nucl e ic acid sampl e . All thes e hav e brought the vi e w of biology from 
macro, micro into nano w orld. 
^ — ME MS Te chn ol og y 

The micr o ma ch i n ing field has been given the generic name microele c trome ch an ic al 
system s or MEMS. The second technological trend making DNA chip products 
possible e ncompasses th e improv e m e nts in MEMS t e chniqu e s. D e v e loped initially 
for semic o nd uctor device manufacturing, these techniques are now being e xploited 
in a variety o f other d isci pline s , includ i ng DNA - ch i p manufacturing and other chip 
based biosensing s ystem. These achievements have made possibl e the application 
of organic structures ( e .g., s e gm e nts of DNA and r e agents) onto a substrat e of 
inorganic materials. Most DNA microassays ar e f ab rica t e d onto glass or plastic 
s ubstrates or are placed in tiny gl as s t ubes and reservoirs. S o m e r es earchers are still 
putting the efforts on keeping the connection with very large scale integration 
(VLSI), which us e s silicon based wafers. The advantag e of doing thi s is for th e 
int e gr a tion between the transduc e r and the control circuitry. This is e v en more 
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important wh e n converting whole system into u - TAS level. (Seo Chapter 2.2 for 
d e tail) 

The MEMS fi e ld is quit e broad and includ e s integrat e d micros e nsors, 
microactuators, microinstruments, micro - optics and micro fluidics. The applications 
range from acceleromcter s . which deploy an automobile airbag, ink j et p rinter 
heads, an array of movable mirrors for color projection displays, to probes for 
atomic force microscopy, MEMS can b e d e fin e d as th e fabrication or 
micromachining of materials to make stationary and moving structur e s, devices and 
systems of a nominal size - scale from a few centimeters to a few m i crometers. 
Scaling of the Device 

Dr. Richard P. Fcynman , Nobel Pr i ze winning phy s icist, pointed i n the direction of 
molecular nanotechnology in a talk at Californ i a In s titute of Technology. "There's 
Pl e nty of Room at th e Bottom" in 1959. [5] Th e following is q uoted from his 
hi s torical speech given forty year s ago: 

/ don't know how to do this on a s ma ll scale i n a practical way, but 1 do know that 
computing machines arc very large; they fill rooms. Why can't we make them vciy 
small? 

Perhaps things normally star t sm al l , and grow. Man's habitats have grown from 
houses, t o b uild i ngs , to sk yscrapers. Our ability to travel has in c reas e d from a f ew 
miles on foot, to ho r ses, to trains, and now we can encircle the world in a f e w day s . 
Individually w e work to make larg e accomplishm e nts in hopes of enormous 
succe s s. We are enthralled w ith th e big and si gnificant and substantial. [6] 
The insignificant, i n s ub s tantial , an d minuscul e is us ually ben eath our concern. 
William Trimmer, 1997 



Dr. William Trimmer propo s ed the Trimmer's Vertical Bracket Notation of scaling 
microm e ehanical d e vic e s in 1989. [7] He gav e a very cl e ar guid e lin e to analyze 
how the classical phenomenon^ scale in to sm all d o ma in. In this notation, the s ize of 
the system i s repres ented b y a sin g le s cale variable, S, which represents the linear 
scale of the system. The choice of S for a system is a bit arbitrary. The S could be 
th e s e paration b e tw ee n the plat e s of a capacitor, or it could b e the l e ngth of one 
edge of th e cap a cito r . Onc e chosen, however, it is assumed that all dimensions of 
the syste m ar c e q ually scaled down in size as S i s decreas ed (isometric s cali ng). For 
example, nominally S ~ 1; if S is then changed to 0.1, all the dimensions of the 
syst e m ar e d e crea se d by a factor oft e n. 

It's very impor t ant t o k n o w h o w d oes p hy s ical phenomenon s cale then you can 
have the control ov er it an d furthermo re take advantage of it i n m ic ro sc ale sy s tem 
design. Followed is a table of the scaling factors of some e xamples: 



Phenomenon 


Dominate factor 


Scaling 
Factor 


Biological forces 


cross section 
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Pneumatic 


pressures 










Hydraulic forces 


pressures 


Surface tension 


length of the interface 
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voiunit 




Electrostatic forces 


constant E Field ( E~ S"-j 




Electrostatic forces 


smaller (E - S 0.5 ) 


s 1 



Table. 1 Scaling factors of various forc e s 



Sacrificial releasing is the first developed MEMS related technique and is widely 
us e d today. In 1967, Nathanson describ e d a s tructural sacrificial fabrication 
technique in his resonant gate tr ansistor paper. [8] In these initial experiments, gold 
was u s ed as the structural material and photore s ist was th e sacrificial material. 
Tins is an e xtr e m e ly powerful t e chnique that allows complet e microsfructures to be 
built with out ha vi ng to assemble components, a g r ea t ad v a ntage when dealing with 

^ m it ntr ir\r\ rmoll tr^. \sr* c> ri-,\ \ j" i f~li fVir* p*" \/r* r\ v m n n i i*i i i 1 nf r* \v itn fTir* n nii H I n 
tttrrrt^lJt tfc>» iio l\/vJ ~<jl i I ct f i rv/ Uv tsvt I t \V-fT7 t^rl it r T fc; v.) I 1 1 !ut u pit Jcttt vvru 1 tnv I Ictt ixrz rrf 

1983, How e and Midler extended this work to the polysilicon silicon dioxide, a 
structural sacrificial mat e rial we now normally d e scribe as surfac e 
micromachining, [9] 

A se cond p owerfu l fabrication technique for making sma ll thin gs wa s d is c u s s ed in 
the 197 8 paper "Anisotropic E t ching of Silic o n " by K. E . Beam. [ 1 0] A year later 
K. D. Wise describes how to make micro spheres filled with deuterium tritium 
using isotropic e tching. [11] These anisotropic and isotropic etching t e chniqu e s in 
silicon and related material s are now commonly referred to as bulk 
m i cromachining. 

An early application for microfabricat i on techniques in the nuclear power 
generation industry was pr e sent e d in 1982. [12] This t e chniqu e is now call e d LIGA 
(in German Lit.hograph.ie, Galvanoformung, Abformung), and makes p l a sti c a nd 
metal part s with spectacular accuracy. The above techniques dem o n s trate no v el 
approaches to the manufacturing of micro parts. Now the question is why do we 
n e ed these t e chniqu e s and how to use th e m for biological applications. 
4_ — Biolo gi cat-Wen tification N**etete-AeW44y&w4i£a4iett 

DMA chips are d e signed to ident if y hy bridiz a ti on product s in the same fashion as 
w ith tr adi tional sequencers. The convent ional and most commonly used identifying 
scheme is using optical detection. Once hybridization has been completed, 
phosphoresc e nt ch e micals that bind to th e hybridiz e d s e quenc e s are scann e d with a 
light source, making it easy to det e ct their presence with automated colorimctric or 
fluorimetri c equipment. 
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Nucleic acid hybridization is on ly one step of th e whol e DNA chip s e n s ing s ystem, 
but the mo s t significant one. The roots of gene pr o bing technologies go back much 
further, to molecular biology discoveries made d e cad e s ago. Most important of 
th e s e ar e th e bas e pairing rul e s discov e r e d in the 1950s by James Watson and 
Franci s Crick, They determined that the DNA molecules found in living organisms 
are comp o s ed of a s t ruct ure of two tw isted st rands (the famous double helix) linked 
together with pairs of nitrogenou s bases: adenine (A), cytosine (C), guanine (G) ; 
and thymin e (T). Th e y also discov e red that these bas e s always app e ar in th e sam e 
two pair s : A with T, and C with G. Thus, by knowing part of the molecular 
structure of a specific geneti c segmen t, one can determine the o t h er part. In other 
words, if you know the s e quence of the targ e t strand, another strand 
(oligonucl e otid e ) can b e s ynth e siz e d to prob e the targ e t DNA. If w e e xt e nd this 
concept, we can detect the p res en c e o f a specific biological agent by probing the 
segment of se q uenc e w i thin the content. This is the basis of gene probe and it ? s als o 
the source of the speci ficity of DNA based sen s or. Th e process of one strand of 
DNA matching up with its count e rpart strand is call e d hybridization. 
Hybridization can be performed ei the r in so lution or on a s olid support. In 
t ra d i t ional gen e p ro bin g, th e most-eo m m on f o rmat for hybridiza ti on is the Southern 
blot, which uses a nitrocellulose membrane. DNA chip manufacturers are al s o 
exploring variation s of both solid phas e and solution bas e d hybridization for us e in 
their microassays. At present, however, most DNA chip co mpan ie s use a s o lid - 



The signi ficance of molecular biology and the characteristic features of M EM S 
technology ar e bri e fly summariz e d in th e pr e viou s sections. The siz e reduction 
s h ould not only work on the few - parts of the entire s y s tem. For nucleic acid 
hybridi za ti o Hr thc pre pr o ce s s or sample prepara tio n is m ore co m pl icate and ti me 
consuming. Sample prep is a seri e s of labor intensiv e laboratory proc e dur e s, mainly 
liquid handling (m i xing, fi ltering, centrifuging, heating and pipetting). The 
shrinking of liquid handli n g s y s t ems t o the micron and sub micron size ' range 
brings the system into the area of small Reynolds numbers. The fluid ' dynamics in 
this r e gim e i s v e ry diff e r e nt from th e macroscale. Diff e r e nt physics of small 
Reynolds nu m b er s flow, along with microscopic sizes, can influence 
microfabricatc d ' fluidic device design for biological processing. [13] 
M i cro total analysis system (pTAS) is a specific research field dedicated to the 
monolithic int e gration of micro flum e , micro transduc e r and control circuitry onto 
the same chip. This is a chal l eng e co mpared to the development of each individual 
mod ule clue to the d iffic ul ties of the intercon nection between each sub sy s tem. 
Most of the so called micro or nano scale devices sti l l need to be operated with 
many bulky acc e ssory instrum e nts. Wh e n e v e ry component can b e fabricat e d on 
on e s ilicon wafer, it won't b e too far away to travel along the cardiac network 
ins i de t he body as s hown in scenes of sci - fi films. 





Is silicon biocompatible? 
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Thi s wasn't a question before th e concept of BioMEMS. Silicon chip fabrication 
proces s wa s dev e loped for the co mputer chips. It wasn't meant to be operated in 
biolog i cal condition. On the other hand, sand, composed of silicon, appears in all 
types of biological environm e nt. 

B i ocompatibility i s a surface property, which ar e interactions between the 
functional structure and the biological environment that take place at the surface. 
The nature of the initial interface that is establish e d between the structural material 
and th e attached surfac e bioch e mical mol e cul e s det e rmin e the biocompatibility of 
th e sensor sy s tem. 

The objective of the study of biocompatibility of MEMS structure is fir s tly to 
improve the under s tanding of the surface activities that take p l ace when a MEMS 
d e vic e i s in contact with an in vitro biological e nvironm e nt, such a s chang e s in thin 
film composition, adsorption of biomolecules, and interaction with cells. A second 
a im is to modif y the surface of biomatcrials to obtain sp ecific p r o p er ti es o r t o 
improve the biocompatibility and b i ological functionality of a MEMS structure- 
Re q uireme nts for Biomat e ria l s 

Du e to th e wid e variety of th e biom e dical application, th e r e is no such an absolu te 
and cl e ar g e neral defini tion of biocompatibility. Take cell ad hes ion as an example, 
n e rve cell monitoring device is biocompatible would mean that the cell ca n a tt ac h 
to the surface and grow the processes on or root into the surface. On th e other hand, 
an implantabl e d e x ic e if biocompatibl e would mean that th e cell would not attach 
to and att ack the s urface of the device. Different application requires different 
surface p ropert y and different characteristic. As shown in the F i gure 3. for the in 
vitro biomedical devices, the long term biocompatibility will not be considered. 
For the in vivo implantation parts, the lifetime of th e d e vice will b e a major 
criterion. T h e bioactivity also d e pend s on th e function o f the d e vice. For 
im plantable p ar ts , w c wa nt th e m bi o -i n ert, and we want drug releasing device 
bioactive on the other end. So the function and the application determine the 
biocompatibility requir e m e nts. 




Figure. 3Biocompatibi1ity and Bioactivity 
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Si l icon as a Biomat e rial 



Currently, most commercial biosensor products u ti liz e glass or plastic substrate, not 
silicon wafer. The main const rain i s l acking of understanding and control over the 
biocompatibility of s ilicon based MEMS devices. For example, micro bridge 
resonance sensor has b e en dev e loped for y e ars and th e r e 'r e som e r e markabl e paper 
published. The ba s ic m e chanis m is to sens e the change of resonant frequency du e 
to target molecules bound t o the micro bridge. Its performance couldn't compete 
with the conventional detection methods, because it's difficult to eliminat e the 
nois e caus e d by non-sp e cific binding onto th e bridg e s urfac e . Silicon can be 
adhered to just about all kinds of biomolecules. 

The other i mportant issue of biocompatibility i s the lifetime of biological product is 
u s ually not a s long as electronic of mechanic products. The degradation of the 
biological d e vic e s leads to the changing of th e performance and th e function. 
Unlike integrated circuit (IC) ch ip s , bio l o gical components are simply comp o sed of 
numerous chemical compound s a n d r eact i ons, which are more sensitive to the 
s urrounding condition. For some biomedical devices, such as a pacemaker, are 
almost zero tolerance for th e d e gradation. That's makes the biocompatibility the 
m o st i mportant par a meter of a BioMEMS device. 

To st u d y th e b i ocom patibility of iM -E MS s tructure, the asp eets-o f surfa ce a ctivi ti es 
of silicon should be evaluated. Some most common surface reactions that take 
plac e at biological and silicon int e rfac e are summariz e d b e low. 

Surface hydrolysis 



Silicon based structure will form a thin layer (-a few ten ths A) of nat i ve si l icon 
dioxide (S jQa ) at the s urface with the presence of m oi st u re or water . This ox id e 
layer is very critical and undes i rable in VLSI fabrication. The native oxide residual 
would block th e e lectrical contact hole and incr e a se th e r e sistanc e or caus e an op e n 
circuit. Th e formation of the nat i ve oxide is refer red to the hydrolysis of the silicon 
b ulk s ub st r at e. 

Si0 2 + 2H 2 0 — > Si(OH) 4 



The hydroxy! group attaches to the S i.Qa. and th e proton might be releas e d under 
c e rtain condition, so th e surface will b e e ith e r hydroxy! rich or oxygen rich. This 
creates a binding sit e for many biomolecules by forming a hydrog e n bond or du e to 
el e c tro s tati c att r action. Followed with few examples of non covalcnt binding of 
biomolecules onto S ^Qj . of a silicon substrate. 
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Butvlated Hvdroxvtoluene Contamination 



Butylated Hydroxytolu e n e (BHT) is th e major organic contamination in VLSI 
indu s try. It is used as additive in wafer box manufacturing, and it has high vapor 
p res s ur e, relative high dipole moment and molecular weight. It w i ll be trapped in 
gate oxide during the thermal oxidation and cause the shifting of C V curve and 
failur e of r e liability. BHT attach e s th e S jQg- by forming two hydrog e n bonds. [1 4 ] 




Figure. 4 BHT contamination on Silicon substrat e 



Polynucle o t ide, P olypeptide Chain 



u sed for biomedical application. They are large m o le c ular chains with charged or 
non charged backbone. For DNA and RNA. they are usually negatively charged 
and t e nd to bind to positive charg e d surface. Th e y all hav e many hydrogen bonds 
form i ng sites along the backbon e , and play an important role in biol o gi c al r ea ctio n 
and serve as a target or probe. 
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Figure. 5DNA, RNA, Polypeptide chain attachment on Silicon substrate 



E n zy me 



■EfKs- ymc is a prote i n wi th t he capability of catalyzing biologica l react i on s. It's v e ry 
active and could have many binding sites at the surface for other biomolecules. The 
enzym e could hav e many surfac e motifs with various functions and prop e rti e s. 
They coul d be c h ar g ed, pol ar, acidic or basic. A smal l am o unt o f enzym e could 
s ignific antly change the biological con dition, s o it's w id ely used as an amplifying 
or speeding element. 
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Figur e , 6Enzyme attachm e nt on Silicon substrat e 

Performance limitation 

On e of th e major comm e rcial products util i zing B i oMEMS is "On ch i p 
Electro ph oresis". Different biomolecules arc sepa rated i n a s i lic on micro - chan nel 
dtte-te4he--6hargc/m as s rat io u nder a bias potential . It 's widely studied and 
developed for fast D'NA sequencing and it could fasten the building human genome 
library within a short e r tim e . Th e input sampl e still need to b e high conc e ntrated 
beca use t h e DNA t e nds to bind to th e ch annel surface, and it would cau se t he 
sample loss and cross cont a minat ion: 




Wo r kin g on surface property s h o u l d not only improve the biocom patibili ty of the 
surface but also should set an ultimate goal to add to the functionality of it. 
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Functional surface is the surfac e of the mechanical structure with more than one 
active funct i on other than structural supporting. 

Most work on functional surface focuses on new polymer biomaterials; Abbott and 
Whit e sid e s first d e monstrated the activ e functional surface applicabl e for MEMS 
devic e s in 1995. [15] In th e ir work, electrical potentials were applied, in 
combination w i th s elf-a ssembled mono l ayers (SAMs) of alkanethiolates anchored 
on gold films to control the wettability of a surface over wide ranges. The time 
constant of th e transition b e tw ee n hydrophobic and hydrophilic is about a s e cond. 
Th e surface property is governed by the organic molecule in the monolayer and th e 
competition binding of molecular adsorption is controlled by the biased potential. 
The same binding competition can be found inside the nucleus at the molecular 
level The e xpr e ssion of th e lac operon is a w e ll studi e d model for transcription 
regulation. [16] The repressor has a higher affinity to the inducer over the op e rator 
region of the gene to be trans crib e d. Wit h ou t the presence of the inducer, the 
repressor will anchor onto the operator gene and block the transcription. With the 
pr e s e nc e of the induc e r, r e pr e ssor will bind to the induc e r and the operator g e ne 
will be available for transcription. Different binding events can be swi t ched by on e 
speci fie biomolccu le o r extern a l field an d t his i s the basic principle or 
impleme ntation of functional surface. 

It's always safe to design a biom e dical device from th e bio inspiration, other 
co nt rol mechani s ms could also be applied to impl e ment th e functio nal surf ace, such 
a s the feedback inhibitio n-and allos t er i c enzym e regulation . 
S e lf A s s e mbl ed Monolayer (SAM) 

Self a s sembled monolayers (SAMs) are of great current interest because of 
pot e ntial applications in e l e ctronics, surfac e treatm e nt, passivation, adh es ion, and 
nan o te c h no logy . These films arc being u s ed to create complex, multifunctional 
surface ar chi t ecture s, such as artificial re ee ptor sites and co n trolle d s iz e tran s port 
channels on electrodes. F o r all these applications the structure, motion, and defects 
of th e s e films on th e nanom e ter scal e ar e critically important. The ability to control 
the precise placement of selected "functional groups on a fl e xible, substrate bo und 
m o lec u l ar as s embly wi ll pro v id e a m eans to replicate the physiochemical functions 
of bio l ogical surfaces and membranes. 

SAM is wid e ly us e d to modify th e surfac e ch e mically to form a thin lay e r of 
u niform molecules with o r without functional t e rminal groups on the top. [ 1 7, 1 8] 
SAM of or g a nos ul fu r s on gold films has been shown to form highly organized and 
ordered systems, which is suitable for utilization in membrane mimetic studies such 
as mol e cular r e cognition, catalysis, and c e llular interactions. 
The difference between SAM and other chemical bindin g techniques is that SAM 
p ro v ide s a specific and un i form molecule binding. The s u rface could be 
hydrophilic or hydrophobic, Au is the typical material for conducting working 
electrod e due to its in e rt charact e ristic. Au is stabl e , and it won't form an oxid e 
layer on the surface easily, bu t b i o m o lccules still can bind onto the surface. The 
major concern is the weak adhesi o n betwee n the gold and silicon sub s trate. 
Th e refore titanium of chromium is usually used as an adhesion layer between the 
gold film and th e bulk substrat e . Another approach, which reli e s on a dir e ct surface 
m odifica t ion of t h e s ilicon surface by silane - based molecu l es, has also be e n 
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developed, SAM can also b e formed on silicon s ubstrate by HF oxid e striping and 
f orming S i - R r Si Q R or Si O Si R bonds. [19,20,21] This approach el iminates th e 
intermediate stag e of the gold coating and allows fabricating mor e robust modified 
surfac e . Surface property can b e modifi e d with diff e r e nt t e rminal function R group, 
such as alcoholic or phenolic, hydroxy!., amine, phenyl, carbonyk and nitric group. 
For the biosensor application. SAM formation could be a bottleneck technique 
because of the presence of the active biomolecule functional groups. Especially, the 
functional t e rminal linkag e group (Sulfur group, Amino group, Silan e bas e d group) 
of most biochemical reagents tends to bind to Au or even 
Silicon/Nitride/PolySilicon sur fa ce. In o ther words, there will be many di fferent 
molecules on the surface with differ e nt binding efficiency and time constant. That 
is why the base line of th e biosensor is always unpr e dictable. Th e r e fore th e kin e tic 
ana l ysi s of the formation of function al surface is extremely important. 

Alkane th i ols, HS(CHj r) R X ? can c h emi sorb on gold and silver and f o r m self- 
assembled monolayers (SAMs). The abil i ty to present a var i ety of functional 
organic groups, X« at th e t e rminal position of th e alican e thiol makes it po s sibl e to 
control the structure o f th e surface at the molecular level, and thus to c o nt r ol the 
i- nterfacial properties of these organic surface s . These SAM s constitute an 
exceptionally useful set of model surfaces w i th which to study the interaction of 
synth e tic mat e rials with biologica l ly rel e vant sy s t e ms. 

B esides tethered with organi c g ro u p s , alkane thiols can be terminat ed w ith o l igo 
( eth yle ne glycol) gr o u p s an d for m SA M s that r esist the ad s orpti o n o f pro t eins (se- 
called 'inert surfaces'). These alkanethiols, when used in mixed SAMs that include 
alkanethiols that pr e s e nt oth e r functional groups isolate th e biomol e cular 
interaction s of inte rest from non - speci fic effects. 

The p er forman ce of artificia l m ater i als in conta ct w i th biological system s is 
determined by the surface interactions of the two materials. Therefore con s iderable 
e fforts have been mad e in the last few y e ars to improve the "biocompatibility" of 
compo unds used for bi o l o gic al and bio medica l applications. The goal of mo s t 
research act i vities i s to tailor the surface properties of s ubstrates in such a way, that 
a favorable interact i on of the surface modified material and biological systems is 
achiev e d 

Sinc e the surface interaction could re s ult in noi s e incr e asing and structure damage. 
s urface m odifi ca t ion is one way to go around thi s problem. The easiest way is to 
change the surface property of the structure or u s ing plastic. By convert ing the 
surfac e into biocompatible or bio inert, non sp e cific int e raction will b e limited to 
minimum or eliminated by the fabrication of a molecular layer firmly tethered to 
th e su rf ace. The most widely implemented approach uses SAM fr om th iol 
mol e cules by ch e misorption onto a gold surface and silane molecules to form SAM 
on a silicon oxid e surface according to w e ll -e stablished proc e dures d e v e lop e d in 
the SOs mostly by C. D. Bain, and G. M. Whitesides. 
& — Non S peeifi^hMlwg Pratem-A4swptie» 

Prot ein ad s orption contributes most of the noise from n o n specific binding. Protein 
adsorption is dominated by i nt e ractions oth e r than hydrophilic force. The general 
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prot e in ad s orpt i on is du e to ionic and hydrogen bonding of Q " group s at the surface. 
Pro t ein co uld be used to mod i fy the surface property for biomedical application, 
especially for e liminating the non specific binding on biosensor surface by 
comp e titiv e r e plac e ment binding. 

Protein adhesion onto solid surface cou l d b e accompli s hed by forming different 
bonds with the external ligands. Protein can f orm c ovalent or n on-coval ent b o nd 
with other molecules at the attachment site on protein surface. 
Prot e in adsorption can b e reduc e d by water soluble, nontoxic, non immounogenic 
polymer such as polyethylen e oxide (PEO) or polyethylene glycol (PEG) treatment. 
Major prote i n binding mechanism s are described below. 

Hydrogen Bonding 

Pro t ei n o r polype p tides co nta i ns num er ous proton d o n ors and accep t ors bo t h in 
their backbone and in the R groups of the amino acids. Proteins are found to also 
contain th e hydrog e n bond donors and acceptors of th e wat e r mol e cul e . Th e r e for e , 
hydrogen bonding occurs not only withi n and b e t we en pol y pep t i d e c hain s bu t also 
with the surro undi ng aqueous medium . 

H y d rophobic Forces 

Proteins are composed of amino acids that contain either hydrophilic or 
hydrophobic R groups. It is th e nature of th e int e raction b e twe e n diff e r e nt R 
g roups in the aque o us e nv i r o nm ent t o pla y the major role in shaping protein 
s t r uc ture and p r o t e in adhesion. The s pontaneous folded s tate of globular protein s is 
a reflect i on of a ba l ance between the opposing energetic of H bonding between 
hydrophilic R groups and the aqu e ous e nvironm e nt and the r e pulsion from th e 
aqueous environment by the hydrophobic R groups. 

Electrostatic Forces 

E l e ctros t atic forces a re mainly of t hre e types: charge charge, charge dipole and 
dipole dipole. Typical charge charge interactions that favor protein folding ar e 
thos e b e tw ee n opposit e ly charged R groups or e xt e rnal molecules s uch as lysine 
(Lys, K) or arginine (Arg, R) and aspartic ac i d (Asp, D) or glu t am ic a cid (Glu, E). 
A substant i al component of the energy involved in protein folding/adhesion is 
charge dipole interactions. This refers to the interaction of ioniz e d R group s of 
amino acids with the dipole of th e water molecul e . The slight dipole mom e nt that 
exists in the polar R groups of amino acid also influenc e s th e ir interaction with 
water. It i s, therefore, understandable tha t the majo rit y of th e amino acids found on 
the exterior surfaces of globular proteins contain charged or polar R groups. 
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Van der Wtials Forces 

There are both attractive and repulsive van der Waals forces that control protein 
folding. Attractiv e van der Waals forces involve the interactions among induced 
dipoles that arise from fluctuations in the charg e d e nsiti e s that occur b e tw ee n 
adjacent uncharged non - bonded atoms. Repulsiv e van d e r Waals forces involve the 
interact io n s that occur when uncharged non - bonded atoms come very close 
together but do not induce dipoles. The repulsion i s th e re s ult of the electron 
e lectron r e pulsion that occurs as two clouds of el e ctrons b e gin to ov e rlap. Although 
van der Wa als force s are extr e mely weak, relative to other for ces governing 
conf o rmat i on and adhesion, it is the huge number of such in teractio ns that occur in 
large protein molecules that make them significant to the folding of proteins. 

Covale n t binding 

Th e ioniz e d caborxyl group and amino group would r e act with ext e rnal molecules 
by forming a covalent bonding. I t will happen at the active site of protein, and it's 
very specific. Becaus e it o n l y o c c ur s a t the certain site of pro te in and orientat io n of 
protein the conformation of the solid surface will determine t h e absorpt i o n , 
e ffici e ncy and surfac e prot e in d e n s ity. 
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Chapter 3 Stat e of the Art Technologies for DNA Chip 
h — tirt roductiior* 

Four state of the ait technologies (enzymatic reaction, nucleic acid hybridization, 
electroch e mical d e t e ction, surface modification) us e d in thi s work ar e bri e fly 
r e viewed in this chapter. The background and working principle of e ach technique 
i s addr es sed and the contribution of each module to DNA sensor chips i s also 
discussed. 

-G haract em^es-o^E nzyme Catalytic Reaction 

Enzymes are extraordinarily efficient and selective biological catalysts that 
accel e rate th e chemical r e action toward e quilibrium. A catalyst cannot initiate a 
re action that w o u ld n o t happen in its absenc e, but it can radically affect the reaction 
r ate. M o st e n z ym e s are highly specific. They tend to accelerate on l y one or a group 
of related reactions. Enzyme catalyzed reactions are stereoselecti ve and 
stereospecific and thes e characteristics hav e r e sulted in frequ e nt us e of e nzym e s in 
analytical ap plications. 

Several tho usand enzymes have been i s o l ated, an d s everal hiindrcd ^r^avai lable 
commercially. Enzymes are clas s ified by the reactions they catalyze and 
oxidor e duetas e enzym e s ar e most fr e qu e ntly used for e l e ctrochemical e lectrodes, 
Ox i do r eductase s catalyze th e ox i da ti o n ( remov a l of electrons) or reduction 



-Pmsfeetfe-Gmu p and M ediator 

Enzymes , l ik e all p rote i ns, are compose d of amino a ci d chains folded into speci fie 
three d i mensional structures. They range in size from 1 0,000 to several million 
daltons. Besid es , amino acids, many e nzymes also contain prosth e tic groups — 
n icotina mide adenine dinucleotid e ( NADH). flavin (FAD), heme, Mg2+ and Ca2+ 
— that enhance enzyme activity. With oxidoreducta s es, the pr o sthet ic groups s erve 
as temporary traps of electron s or electron vacancies. 

Th e prosthetic groups can be n e ar th e surface or deep within th e e nzym e 's prot e in 
core structure. In the latter case, the trapped charge is not easily tran s f erred to an 
electrode. According to M arcus t h eo ry, which is used to explain el ectrochemical 
reaction rate, electron transfer decays exponentially with distance. Ther e fore, the 
acc e ssibility of the active sit e of a e nzyme det e rmine s th e practical functionality for 
e l ectroch em i cal app 1 i cat i o n s . 

Fr om a biologic al perspective , c oncealment of the active site i s often necessary for 
selective targeting or redox react i ons toward a specific synthetic or degradativ e 
rout e . For e lectroch e mical bios e nsor applications, how e v e r, th e difficulty of 
electron transfer into or out of the active site pose s a real pr oblem. Mediators 
capable o f accessing the a c tive site are frequently us ed to assist in the transduction 
of the enzyme activity into a measurable amperomelric respons e . 
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3^ — N uc lei c Aci d H ybrid i zat i on 

Watson Bas e Pa i ring 

Deoxyribose nucl e ic acid (DNA) is a structurally polymorphic macromol e cule 
carrying g e netic information. In 1953, James Watson and Franci s Crick propos e d 
the first correct structural model for DNA. It accounts f or this p a i ring of ba s es and 
also explains how relatively simply the system of storing and transf e rring g e netic 
information is. According to th e Watson Crick mod e l, a DNA mol e cule consists of 
t w o polynucleotide s tran ds coiled around each other in a helical "twisted ladder" 
structure. The sug ar-phos phate backbone is on the outside of the double helix, and 
th e bases are on th e i nside, so that a base on one strand point s directly toward a 
bas e on th e s e cond strand. When u s ing th e twist e d ladd e r analogy, think of the 
sugar - pho s phate backbon e s a s the t wo si d es of the ladder and the bases in the 
middle as the rung s of the l adder. In effect, each strand of DNA is one half of the 
double helix and called single strand DNA (ssDNA). Th e two halves come together 
to form th e doubl e h e lix structur e . 
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Figure. 8A T ba se p a iring a nd G - C pairing 



Th e s trands ar e he l d t ogether by hydrogen bonds between the nitr o g eno u s bases. In 
th e do uble helix, adenine and thymine form two hy drogen bonds to e ach other but 
not to cytosine or guanine. Similarly, cytosine and guanine form three hydrogen 
bonds to each other in th e double helix, but not to ad e nin e or thymin e . 
PNA Sen s or 

DNA based te c hno lo gie s are extremely important in molecu lar b i olo gy, g e netics 
and molecular medicine, and arc exten s ively us ed by academic research and 
biotechnology industry. DNA technology methods where first i ntroduced into the 
ar e a of in vitro diagnostics in 1986 wh e n t h e po l ym e ras e chain r e action (PCR) w e re 
dev e loped. Most methods based on DNA technology are used ex vivo and their 
developmen t r e qui res e xt e nsive skills in mathematics, physi cs , c he m is tr y and 
engineering — more than in biology and medicine. 

DNA t e chnology is b e coming v e ry advanced and highly sophisticat e d, and it is 
almost always combined with advanced technology from other areas of science. 
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Sensors are koy components in instrument dev e lopment for DNA technology. DNA 
technology is a highly interdisciplinary research a rea that r equires extensive 
collaboration 

Oligonucleotide Synthesis 

Mol e cular probes to detect particular nucl e ic acid sequences are extremely 
important in many applications of DNA s e nsor t e chnology. Th e y ar e used on chips, 
for blotting in gels, for s creening colonie s , detect chromosomal abnormalities and 
most recently for direct detecti on of P CR products. In the future molecular probes 
will be developed for other applications, and they will also be based on other 
physical ph e nom e na then radioactivity and fluoresc e nc e to g e nerat e d e t e ctable 
signal. 

Bio molecule Modification 

Th e d e velopment of DNA t e chnology, particularly in th e ar e a DNA probing m 
solution, goes tow ar ds more and more sensitive syst ems. Tod ay, detection of 
nu cleic ac ids fo r di agnostic purposes requ ires t h e nucl eic a ci d to be amplified. & ie- 
molecule modification i s widely used as a si gnal indicator in DNA sensor. The 
pres e nc e of nucl e ic acid can be det e cted optically or e l e ctrochemical ly by the 
b i o m o l ecul e s att a che d to it. Most bio mol ecul e m o dification s are various types of 
optical dye a wide ra n g e o f em is sion wavelength for detection and visualizat ion 

Amplification Technol og i es 

The polym erase cha i n react i on (PCR), developed in 1986 and rewarded the Nobe l 
price to Kary Mullis in 1993, revolutionized Molecular Biotechnology by making 
amplification of nucl e ic acids a reality. Sinc e th e n other m e thods hav e b ee n 
invented. For example, Nucl e i c Aci d S equence - Based Amplification (NASBA) 
developed at Akzo Nobel healt h care di vision, Organon Teknika, i s superior to 
PCR for niRNA detection. The ligase chain reaction (LCR) was deve l op e d by the 
Am e rican company Abbot. 

-Bask: Princ i pl e s of E le etroeh e m ieal-Petectio ii 

Electrochemical Cell 



El e ctroch e mical cell is a d e vice that converts ch e mical e n e rgy into e l e ctrical e n e rgy 
or vic e versa when a ch e mical reaction i s occurring in the cell. Typically, it consist s 
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of thre e metal el e ctrodes immersed into an aqueous solution (electrolyt e ) with 
electrode reactions occurring at the electrode solution surfaces. 
It consist of two e lectronically conducting phases (e.g., solid or liquid metals, 
s e miconductors, e tc) conn e ct e d by an ionically conducting phas e ( e .g. aqueous or 
nonaqueous solution, molten salt, ionically conducting s olid). As an electrical 
c u rre n t passes, it mu s t change from electronic current to ionic current and back to 
electronic current. These changes of conduction mode are always accompanied by 
oxidation/r e duction reactions. Each mod e changing reaction is call e d a half c e ll. 
An ess e ntial f e ature of the electrochem ical cell is t hat th e simultaneously occurring 
oxidation reduction reaction s a re spatial ly separated. The hydrogen is oxidized at 
the anode by transferring electrons to the anode and the oxygen is reduc e d at the 
cathod e by accepting electrons from th e cathod e . The ov e rall e lectrochemical 
reaction is th e sum of the two electrode reactions. The ions produced in the 
el e ct ro de r ea cti on s, in this ea se positive hydrogen io ns and t h e negative h y d ro xy ! 
ions will recombine in the s olution to form the final product of the reaction: water. 
During this proc e ss the e l e ctrons are conducted from th e anod e to th e cathod e 
through an outside electric c ircuit where the electronic current can b e measured. 
T h e reac ti o n can also be reversed, water can b e de co m po sed into hydrogen and 
oxygen by the application of electrica l power in an electrolytic cell. 

Electrochemical Reaction 



Electrochemical reaction is an oxidation/reduction (redox) reaction that occurs in 
an e l e ctrochemical cell. Th e ess e ntial featur e is that th e simultan e ously occurring 
exkteaon-reduction. reaction s are spa tially s ep ar a ted . Fo r example, in a spontaneous 

are passed directly from the hydrogen to the oxygen. In contrast, in the spontaneous 
e l e ctroch e mical r e action in a galvanic c e ll two s e parat e e l e ctrod e reactions occur. 

-^-Ireee- Electrode System 

Thr ee el e ctrod e syst e m is an e l e ctroch e mical c e ll containing a working e l e ctrode, a 
count e r el e ctrode (or auxiliary e lectrode), and a reference electrode. A current may 
flow between the working and c oun t er electrode s , while the potential of the 
working electrode is measured again s t the reference electrode. This setup can be 
us e d in basic r e search to inve s tigat e th e kin e tics and m e chanism of the e l e ctrode 
reaction occurring on th e working electrode surface, or in electroanalytical 
applications . T he dete c tion mo du l e i n this work is based on a three el ectrode 
system. 

Counter Electrode (Auxiliary Electrode) 

Count e r e l e ctrod e is us e d only to mak e an e l e ctrical conn e ction to th e e l e ctrolyte so 
that a curr e nt can be applied to the working electrod e . The proces s es occurring on 
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the counter electrod e are unimportant, it is usually mado of inert mat e rial s (noblo 
metals or carbon/graphite) to avoid its dissolution. This i s the case for cells used for 
research or for electroanalytical purpos e s. Of course, for many practically used 
c e lls, the proc e ss e s occurring on both e l e ctrod e s can b e v e ry important. From the 
observation in this work, small feature or s mall cross -s ection at the counter 
electrode will heat up the surrounding sol utio n wh en a l arge current is pulled out 
from th e counter electrode. Bubbles would come out if the current is continuously 
ov e rflow e d and it will e nd up with th e dissolution of th e e l e ctrod e . 

Reference Electrode 

Reference electrode is used as a reference point again s t which th e potential of other 
e l e ctrod e s (typically that of the working e l e ctrod e or m e asuring e l e ctrode) can b e 
measured in an electro chemi c a l cell. In principle it can be any electrode fui filling 
th e above re quir emen t s. In pract i ce there are a few common ly us ed ( an d usually 
commercially available) electrode assembl i es that has an electrode potential 
ind e pendent of th e e lectrolyte used in th e c e ll, such as silv e r/silver chlorid e 
electrode, calomel electrode, and hydrogen electrode. 

Working Electrode 

Work i ng electrode is where the action is. The reaction occurr i ng on the working 
e l e ctrode may b e used to p e rform an e lect rochemica l analysis of th e electrolyte 
so lution . It c an serve either as an anode or a cathode, depending o n the app lie d 
pelari-t y. On e- of th e electr o des i n s o me "cl as sical t wo elect rode" cells can also be 
considered a "working" ("measuring," "indicator." or "sensing") electrode, e .g., in a 
pot e ntiom e tric e l e ctroanalytical setup wh e r e th e pot e ntial of the measuring 
electrode (against a refer e nce e l e ctrode) is a measure of the concentration of a 
spe cie s in t h e solution. 



Amperometric detection transduces the flux of electroact i ve product into a 
m e asured current. It is bas e d on monitoring th e oxidation or r e duction of an 
e l ectro a c tive compound at a working electrode of the sen s or. A potentiostat is used 
to apply a constant potential to the wor ki ng el ectro d e w i th respect to the reference 
electrode. The applied potential is an electrochemical driving force that causes the 
oxidation or r e duction reaction. In this work, e l e ctroch e mical workstation Mod e l 
660A from CH ins truments were use for all the amperometric measurements. 
The current respons e of a r e d ox reac tion can be expressed mathemat i ca ll y using 
Faraday's Law: 



where the current in amperes (J) represents th e electrochemical oxidation or 
reduction rat e of th e analyt e at th e working e l e ctrod e , (da/af) is th e oxidation or 
reduction rate in mol e' 1 . F is Faraday' s con s tant, and n is the number of electrons 
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tran s ferred. The reaction rate depends on both the rate oF e lectron transfer at the 
electrode surface and analyte mass transport 

With most redox reactions, the rate of electron transfer can be accelerated by 
increasing th e pot e ntial at which th e e l e ctrod e i s poi se d. As th e pot e ntial is 
increa s ed, th e r e action reaches the point wher e the rate is limited by the mass 
tran s port of reactant to the electrode. When the reaction at the electrode surface is 
sufficiently fast, th e concentration of analyte at the electrod e is zero, and a 
maximum overall rat e of r e action is r e ached. This ov e rall rat e is limit e d by the rate 
of mass transfer gi ven by the following equation: 



/ nAFD(dC/dX)^ 



where dC/d X is th e flux of C (electroactive species ) to th e el e ctrod e surfa ce, A i s 
th e electr ode surface area, and D is the diffusion c o e fficient. The rate of mas s 
transport to the electrode surface depends on the bulk concentration of analyte, the 
electrod e shap e and ar e a, and diffusion and convection conditions. 



Electrochemical Work Station (CH Instrument) 



Th e Mod e l 660A s e ries is designed for general purpos e electroc he mical 
m eas ur e ments. Th i s instrument conta in s a fast digital function generator, a high 
speed data acquisition system, filters for the potential and the current signals, a 
s e condary gain stag e , iR comp e nsation circuitry, a pot e ntiostat and a galvanostst. 
The potential contr o l range i s ± 10 V and the current range is ± 250mA. It i s capable 

mm disk electrode can be readily measured without external adapters. With the 
CHI200 Picoamp Boost e r and Faraday Cag e , curr e nts down to 1 pA can b e 

5? — Sw fac c M odifi cation 

The importance of surface and material science cannot be underestimated when 
designing a DNA sensor . Im mo bil i zation of biomolecules on to solid surface or 
s ynthetic materials and investigation of its relative characteri s tics relative to the 
nativ e biomolecul e ar e crucial in th e dev e lopm e nt of solid phase bioanalytical 
techniques, [22] 

S e lf As semMed-iVfteftoj aye r (SAM ) 

Control over the den s ity , orientation and structure of the im m o b i lized 
oligonucleotide probe is very important, and one promising rout e to accomplish 
this i s s e lf ass e mbl e d monolayers on gold surfac e s. 

Self - as s embled monolayers (SAM s ) form e d by organosulfur compound s on gold 
and other surfaces have developed i nto an increasingly important research area at 
the frontier of analytical chemistry [23] and electrochemical biosensors. 
Two primary analytical advantag e s associated with coating an e l e ctrod e with a self 
ass e mbled mon o la yer (SA M) ar e as follows: 
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LNon Faradic background cuiTents ar e dramatically r e duc e d, larg e ly b e caus e th e 
monolayer pr e v e nts close approach of solv e nt and ions to th e e l e ctrod e surface 
and therefore decrease th e double lay e r capacitance and reduc e d background 
currents are — usually desirable — m — electroanalytical — chemistry because of 
i mproved sensitivity. 

2. Self - assembled monolayers made it po ss ib le to bind enzymes covalcntly onto 
electrode surface for e lectrochemical s e nsor. This membrane - fre e typ e of s e nsor 
has h i g h amperomotric s ensitivities and rapid response time because it's free 
from any diffusion problems of substrates or products through the e nzym e 
membrane. 

SAM is us e d in MEMS t e chnology in diff e r e nt aspects, from bios e nsors to 
electrode patterning. [23,2 4 ] Th e attractive feature of SAM is the capability of 
fo r m ing t h e e le ctr ochemically active s wfaee s of the mi c roclcctro dc. The refore the 
conducting wires become multi functional and increase the value of the device. 



MEMS t e chnology is not only to mak e structur e s small, but to push th e limit of 
macroscale physics for a b etter performance. Th e mo st si gnificant achievement o f 
this work i s not to discover a uni q ue sc i ent i fic phenomen o n or to i nvent a new 
sensing scheme, in this work, for the first time, four individual existing techniques 
previously d e scrib e d ar e succ e ssfully modified and integrated in t o a DNA sensor 
ar ra y chip with a better performance over the conventional D N A diagno stic sensor. 
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Chapte r 4 DNA Sensor Array on a Silicon Chip Exper i mental Result s 
4? — Introduction 

enhanced by c o mbin ing t h e h yb ri di s a tion ev ent with a signal enzyme. The formal t on o f the s oil" aSGflmb ied mon olayer sen s or surfac e s in 

it54ew^s4W)-b$eherk4>itt^lH^^^ 

a ngcs from 25 mm ' t o 16 0 t um > 




Figure. 9DNA S e nsor Chip and S e nsitivity Curv e 



T he enzym e-ba s e d electrochemical biosensor is p rimaril y moti vated by the need for 

a highly sensitive and selective protoco l cap ab l e of rapid monitoring the concentration o f 
bact e ria, virus or various biological sp e ci e s for field use. Such a protocol would op e rat e 
remot e ly, and would b e fully automated, compact, and robust [25]. Th e r e for e th e 
electrochemical transducer with minimum power consumption and s maller s ize is preferred 
over the optical system [26]. High specif i city can be achieved by using DNA hybr i dization 
to reduce false positive and fal se ne gative signals. DNA electrochemical bi o s en s ors have 
been prev iously re ported [27 ? 28] using graphite or c arbon electrodes. — Carbon based 
el e ct r o des , h owever, are generally not ad ap tab le to MEMS technology when small (<um) 
dimension s are needed. In th is s t u dy. Au is used as electrodes, with a protein s e lf - 
a ssemble d monolayer (SAM) to capture the E. coli r'RNA. — An enzyme is used a s a 
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biological amplifier in thi s s tudy to gain th e high se nsitivity without FCR. A sensitivity 
and sp e cificity check for E. coli MC 4 100 v e rsus Bordetella SB5 4 is shown in Fig.9. 

Hor se radish peroxidase (HRP) is one of th e most widely used enzymes for analytical 
purposes and biosensor s application [29]. Enzymatic amplification occurs due to a high 
turnov e r numb e r in reactions that can be det e ct e d e lectrochemical ly. W e d e scrib e here an 
amp e rometric bios e nsor bas e d on HRP with 3,3'5 ? 5 ? t e tram e thylb e nzidin e (TMB) as a 
mediator. — (Fig. 1 0) — The — electron — transfer — at — the — electrode — surface — is — measured 
amperometrically to represent th e numb e r of the enzymes immobilized by DNA 
hybridization though the 16s ribosomal RNA of the target cell. Therefore, the output 
current is proporti o n al to the number of the target cells in the solut i on. 




P R : Reduced Peroxidase , P 0 : Oxidized Peroxidase 
M 0 : Oxidized Mediator , M R : Reduced Peroxidase 



Figure lOElectron transport of HRP enzymatic r e a ct ion 

2-; — Sen s or Chip Fabrication 
Design Aspect 

As de s crib ed in Chapter 3, th e main -function of fabricating a DNA chip i s to 
integrate nucleic acid hybridization, e nzymatic reaction , e l e c tr ochemical detection and 
surfac e modification into a compl e t e functional sensor module. Th e n e w design should b e 
abl e to minimiz e or eliminat e the w e akn e ss of th e curr e nt t e chniqu e by taking advantages 
of MEMS technologies. If th e performance of the new design is no bett e r than th e 
conv e ntional device, then the efforts for the work are questionable. If the system 
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integration is just putting all individual compon e nts tog e th e r, th e n it would b e an ass e mbly 
work, not an e ngin e ering d e sign. 

The main issue here i s the nois e r e duction or sensitivity in another term. We can 
prevent the noise from happening, reduce the level of the noise or amplify the signal to 
obtain a h i gh s ignal to n oise ratio. In the following section s , detail design aspects will be 
reviewed along with the experimental results to verify the design concept. 

I Materials for El e ctroch e mical El e ctrod e s 
Standard electrodes arc us e d in conv e ntional e l e ctroch e mical e xp e rim e nts to 
provide an accurate and precise refer e nce potential though a half cell composed of an 
analyte/electrode interface. The commercial standard reference/counter electrode is about 
the si z e of a pen; therefore the reaction i s often conducted in a one liter beaker. Stirring is 
gene rally r eq uir ed in all c ase s to eli m in at e diffu sion co ntr o H ed- cffcc t. 

Typical material combination for refer e nc e / c oun ter co mplex i s Ag/AgCl. Screen - 
print e d s e nsors were report e d using AgCl past e and Ag wire onto plastic board or silicon 
waf e r. Scr ee n printing is not MEMS compatibl e proc e ss and its r e solution is limited by th e 
fineness of the screen matrix. 

Several conducting material s available in MEMS technology were patterned o n 
s ilicon su bstr at e b y lift off p ro ce ss and the characteri s tic of the three electrode system 
w e r e tes t ed by cyclic voltam.rn.etry with ferrocene solution. Different combination betw e en 
gold, plat inum, ti tanium and aluminum were tested and the Au/Au/Aii thr e e electrod e 
syst e m gav e th e b e st C V curv e and redox charact e ristics. Diff e rent shapes and areas w e re 
also tested to achi e v e th e most optimum design. 
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Au/Au/Pt Au/Au/Ti Au/Au/Au 

Figure 11 Different Electrode Material on Silicon Substrate 




Figure 12C V characteristics of Sensor electrod e s and Enzyme Response 
11 On Chip Reaction Well for Reagent Confinement 
Th e d esign concept of having a reaction well on si licon substrate was from the 
ob s erv at ion of the high level noise from the non specifi c binding of HRP onto the 
periphery regi o n of the working electrode. To verify tha t no i se d oes come from the HRP 
residual at th e surface, a simple test was done to estimat e the co n t ribution of this unwanted 
binding. HRP w e r e introduc e d to bare silicon chip, follow e d with s e v e ral wash s t e ps 
b e fore th e addition of th e substrat e solution. A v e ry high level of e nzymatic r e action was 
obs e rved right after adding the substrate solution. 

A s expected, HRP, like other proteins, st i cks to the sili co n s u r face easily and 
tightly . Several commercial wash solution s an d bl o c king protein were tested without any 
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significant improvem e nt of r e ducing non s pecific binding. Th e best way lo r e duce the 
numb e r of th e und e sirabl e binding to a minimum is to pr e v e nt it from happ e ning. The area 
outside th e working e l e ctrod e n e ed not encount e r th e HRF solution. But it's almost a 
tradition to imm e rse all thr e e electrodes in aqu e ous syst e m all the time and all th e reagents 
woul d flow through all the surface area. 

Auxiliary electrode 




Working electrode with SAM 

F i g u r e 1 3 . Comp ar i s on betwee n micro fabricated and commercial electrodes 

The simpl e st way to confin e c e rtain reagent within a w e ll defin e d space i s to build 
a w e ll. As shown in Fig. 13, a microfabricat e d well is bord e red by (1 11) silicon planes after 
KOH etching. The working electrode defined by lift off process covers the whole well 
surface. 

HI Surface Mo dific at io n for N o ise Reduct i on 
Surface technology 7 and mat er i al sc i e nce 

The importance of surface and material science cannot be underestima ted when 
d e signing a DNA chip. An ineligibl e amount of non sp e cific binding still occurs during the 
washing proc e s s whil e th e dilut e d r e ag e nt is flowing around th e wafer s urfac e . Th e tim e 
for the wash solution containing HRP to stay on the periphery region is much longer than 
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th e binding time constant. B e sid e s fabricating th e well structur e , th e surface of the 
p e riph e ry area must b e prot e ct e d by other mechanism. 




Reagent 

m droolst 




Gold SdSSaSSL 



Figur e 1 4 , Reagent Confinem e nt with Reaction Well 



Hydrophilic 



+ silicon sud&aca^ 

Hydrophobic 



The most efficient way to keep the surface from contact i ng reagents is to make it 
hydrophobic. S i lana tio n o f silicon s urface i s wi del y us ed to prevent suspende d st ru ctu re 
s t ickin g to substrate by surface ten s ion . I t was used her e to p r ev ent th e d i rect conta ct o f 
bio molecules to the periphery area of s ilicon s ubstrate. 



Silanation 

Silan e bas e d mol e cul e s with various functional terminal groups hav e b ee n used to 
modify surfac e properties of silicon wafers, s ilicon nitride chips, and the SPM tips. Silane 
compounds for the surface modification form robust self a s sembled monolayers (SAMs) 
chemically tethered to silicon oxide s urfaces as a result o f hydrolysis of terminal Si(Cl)n or 
SiQ-fefe group s . 




counter working reagent silicon substrate a ball of reagent 

e le ctro de e le ctro de 
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Figur e 15. R e ag e nt Confin e m e nt by Surface Tr e atm e nt 

(a) the reagent is shaped by the hydrophilic working electrode and a droplet is 
nicely formed over the Au surface (b) with increasing the volume of the 
reagent, the area covered by the reagent will gradually expand and then cover 
the other two electrodes (c) shoot out a stream of reagent by pipetteman, a 
ball of reagent will be formed in stead of spread out on the hydrophobic 
silicon substrate 

Fabrication Process 

A t h ree electrode electrochemical cell is co n st r ucted with a micro fabricated reaction well 
for the working electrode (Fig. 16a). — Go l d (Au) is deposited as a c onduct i ng lay e r and 
Si3N 4 /Si02 as an i s olation layer. (Fig. 16b) Th e surrou nding Si surface is modified to be 
hydrophobic. Th e thr e e dimensional r e action w e ll along with the hydrophobic natur e of the 
surrounding area allows a liquid dropl e t to b e w e ll contained in th e working e l e ctrod e . 
This de s ign minimizes non specific binding of biomolecules to other areas of the sen s or 
chip. The Au working electrode has a monolayer of streptavidin immobilized on the 
surface via a thiolated biotin SAM or through direct protein adsorption onto the gold. 
(Fig. 16c). 

A sample solution containing E. coli i s treat e d with lysis buff e r, the target DNA / RNA from 
the E. coli c e lls ar e hybridiz e d with both an anchoring ssDNA prob e and a labelling 
ssDNA prob e at annealing t e mperatur e (-65°C) in th e presenc e of cell debris. The 
anchoring probe (conjugated to biotin) and the labelling probe (conjugated to fluorescein) 
recognize two distinct conservative sequences, ther e fore, the hybrid forms only with the 
specific gene s egment from the target bio agent. T he oligo nucleic hybrid i s then 
im mo bi li zed through biot i n streptavidin b i nding onto the working electr o d e a n d unbound 
c o m p on ents are washed away. A HR.P linked anti - fluorescein antibody is then load e d onto 
each hybrid (Fig. 1 6d). — After addition of substrate, enzymatic r e action causes a curr e nt 
signal which is m e asur e d amp e rom e trically using th e thr ee e l e ctrode c e ll. (Fig.l6 e ) Th e 
entir e protocol is complet e d in 4 0 minut e s. 
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Figure 16. Sensor Chip Fabrication Process Flow 



Self Assembled Monolayer 

Thre e differ e nt approaches of immobiliz i ng streptavidin SAMs on the Au surface 
were t e st e d: 
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1) depositing th e protein dir e ctly on bar e Au ? Fig. 17 1 

2) depositing a monolay e r of a biotin SAM using a thiol (R SH) and th e n binding 

streptavidin to the biotin. Fig. 17 2 

3) depositing a monolayer of a biotin SAM using a disulfid e (R S S R) and then 

binding streptav i din to the biotin . Fi g . 1 7-3 



Streptavidin 





Figur e 17. Diff e r e nt Approach e s of Prot e in D e position 



Fig. 18 is the sche matic draw i ng of the detection strategy. Two types of probes, labelling 
probes and anchoring prob e s, which are lab e led with fluor e s ce nt and biotin r e sp e ctiv e ly, 
are used in this application. Firstly, the c el l i s disrupted by base solution (NaOH) or other 
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methods. Introduc e the prob e solution to the c e ll d e bris without any isolation process, (Fig. 
18 1) Singl e strand e d 16s ribosomal RNA targ e ts ar e hybridiz e d to fluoresc e nt lab e led 
lab e ll i ng probes and biotin labeled anchoring probes at its hybridization temperature 
(65°C). Then the biotin tagged hybrids are captured on Gold/ s trepavidin sensor s (Fig. 18 
2 ) and l oaded with an anti Fluorescent HRP antibody enzyme conjugate. (Fig. 18 3) A few 
s econds following addition of the HRP substr a t e, a qu ant it at iv e electrochemical s i gnal, 
which is proportional to the activity of the HRP enzyme arid thus the amount of 
immobilized hybrids on the surface, can b e read on the monitor. In th e mean time, two 
washing proc e s se s are e mploy e d to remove the e xtra r e agents, including unhybridized 
sample, probes, e nzyme and c e ll debris. 

florescence 




Au working electrode 

Figure 1 8. Schematic Drawing o f Detec tion Metho d 



A key feature of this work is the i mm ob i lization of a biomolecular mo n o layer o n t h e 
s e nsor e l e ctrode to captur e th e ribosomal RNA of E. coli. — This biomolecular layer wa s 
immobiliz e d onto the Au surfac e of th e working electrod e using self assembl e d monolay e r 
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(SAM) technology as d e scribed pr e viously. Th e protein str e ptavidin was s e l e ct e d as the 
biomol e cul e du e to its high affinity for biotin (- lO ^ M). hi our s e nsor configuration, a 
SAM. of s tr e ptavidin is immobiliz e d on the Au w orking electrode. Biotin is conjugated to 
an anchoring oligonucleotide, which hybridizes to one end of the 16s rRNA of E. coli, 

thereby anch o ring the E. coli rRNA on the sensor sur face. A second labeling 

oligonucleotide hy br i dizes t o the o t h er end of the E. coli rRNA, and finally, the enzyme 
hors e radish peroxidase (HRP) is attached to th e hybrid. An electrical signal i s generated 
by the e nzymatic reaction, which is detected electrochemical ly using the MEMS biosensor. 
Andcar e Protocol 
Th e sample pr e paration and hybridization scheme is originat e d from th e 
commercial protocol from Andcare Inc. The detail of the protocol is illustrated below. 
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250 pl_ Sample 



o Add 250 \iL of Sample 



50 pL Lysis 
Reagent B 



Q Add 50 ^iL Lysis Reagent B. 
Shake 5 seconds to mix. 
Incubate at room temperature for 5 minutes 




I T 100 pL Probe 
I Sdtiion 




Q Add 100 uL Probe Solution. 
Shake 5 seconds to mix. 
Incubate in 65°C heat 
block for 10 minutes 



f100pLof 
mix solution 



[Sample 

gold/NeutrAvidn 
s 'sensor 



° Add 100 uL of previous mix solution 
to gold/H e. utrAydi n sensor. 
Incubate electrodes for 10 minutes 
at room temperature 
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1X Wash Solution 




Wash electrode with IX Wash Solution, 
■foid/iIiLtrA^din and the top of the strip is dried by 



placing it face up on a KimTowel 



t50pL of 1X 
Enzyme Conjugate 



1 



jSa mple 

'■go I d/N eutr A vid i n 



O Load 50 uL of IX Enzyme Conjugate 
to washed sensor. 

Incubate at room temperature for 10 minutes 



1X Wash Solution 




Sa mpl e 
r : go I d/N eutr Avid i n 
■ sen sor 



etode-wti h IX Wash-Sulufroi 

and the top o f the strip is dried by 
placing it face up on a KimTowel. 
Using IX Wash Solutioq add enough 
volume to working electrode area to 
prevent it from drying out. 



50 pL Substr^e Solution 




Sample 

go I d/N eutr A vid in 
*sen sor 



Gold/NeutrAvidin sensor 



AND CARE Ampero metric monitor 



O Insert sensor into ANDCARE monitor. Dispense 50 uL Substrate Solution 
onto the sensor. Press "START 7 on monitor. Sample concentration will 
display on monitor in 70 seconds 



Figure 19. Commercial Available Aadcar e Protocol with Carbon Paste S e nsor for B. coli 

Scr ee ning 

Probe Design 

Anchoring probe and labeling probe provide the specificity and the linkage 
be t ween the target molecule with the transducer. The s equence design o f the probe affects 
the de te ct ion per f o rmance directly. T h er e fore, many software tools are available to 
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e liminat e the human e rror and to assist optimizing th e sequ e nc e alignment wh e n dealing 
with a f e w thousand to few millions bases of genetic information. 
I Gene Bank Searching 

Entrez Nucleotides 

Emrci is a s ea rch and r e tri e val syst e m that integrat e s in forma ti on f r om databas e s ut Nut i on ul C ent er for B i ote chno l ogy 
Informatio n (NC B B. Th e se databases includ e nucleotide sequences, pr o t e in se qu e nces , macrornolecular structur e s, who le genomes, and 

To s earch in the Gen e Back databa se, i t is adv i s e d to key in as detail a s po s s i bl e , oth e rwise nume ro us matched results will bo 

retr-ievt^he-gene-ot-iB^ 

Tv i * " - 1 1 CI J "f t'iL'C; | .* ) *-/At>"r . A t^trtJttCI !CC ttt! ! UC \J i 1 C\ 1 1 V V I7{.MCII (VJ U It ill ! I ! id 1 1 tVVl i.XSl yfl II! Itl 3v n. v. i 1 vi i . 



S^lNucteMlde >j fo jMC4100 



TiBCt 



Arid m CfiftNfjrd 



>^l240024jenitf!afmZltSCMC4taO S*cifi (LCCfllOg gjs* fcr 16S rRNA 
TcxTCJLTO!5£rc*c irreA jircc^scccacjiccocr Jute atocxactccjli-c ccrxit< ii&u£e 

TTOC TcrrTCGCTOACOlflTtfQCGa ACO0OTO AffTJUTSTC T^OJUUCKK^mTGOA&SaOOiTliC 
T*n^JliWlC<^4L<K;TJL»TlCCWATA»«rrCOCA^ 

TCTOJUgACOlTOACCfcOOC ACJUZTGGU.C TO HSPC ACfryTCC KUCTC IflOC A 00 AOTOOOO A 

Jk TATTOC JLGAlTGCeZSC AAGK TG *T5C 1GC CATCCCGCC.TCTTATC.AJ^AACKJCCTT^ 

C COC TJLACTC CGTBOC AOC JKKaTOCGOTAATACGO JUXttTrc 

*OS ATT* SATASCCTSQ7AS7CC ASGCCCTAA ACGATST^AjCTT^AWT^^ CTT&*<S*?QGT©JC 

?Te£CCAi^AJicc<8r»i^ecAtC)^ra TCJLLiTflJLA'rrfii. 

CATCCJKGC*Affrr77i;A**CATCA«AAT^^ 

g ice roc TgrrercAjure rrmruc tec uu: e a« o: Ai.cc err ire cm<j i T Ckx icecsT 

CCOCie£ W A TAAXGTCCC WJTJU; rfCCS ATT©3 ICTCTWJUCTCeAe TCC 1 T<3 A AflTCCS 
ACTAATCOT^ATCAGAATCCCAOSGTC^ 

Cfilfi T&^TTW*AA*&A/tC7*-0raC<CCTTAACCTTC<;^<WvCl5C 



Display |fASTA 



Figur e 20.Entr e z Nucl e otides : S e quenc e S e arch Tool 
II Sequence Alignment Primer Selection 

There^rc-many-commea-ia^^ 
speeiiWer-4herdligemh?leetkie^ 

and th e n obtain two b e st r e g ion s f o r p ri m e r d e sign bas e d - on the pre s et con diti on -j. T h e upp er and l o we r pri m er i s f o r two 
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Scores 



Rank 


Hodel 


Local 


Sequence 


(Position) 


I 1 


6 


1 


w I JLnf^Wj** 1 t, 1 Awl 




rz 


7 


1 


CCAGATGGCATTAGCTAGTAGC 


(221) 


F3 


8 


1 


G AC C AGGGC T AC AC ACGTG 


(1196) 


If A 
ft 


8 


1 


GT A AC QvC TC AC C T A GGC V 


(Z*t7) 


FS 


9 


1 


GGGT AAC GGCTC AC C TAGG 


(245) 


to 


10 


1 


TA AC GGC TC AC C T A GGCG A 


(Z no) 


F7 


10 


1 


CCC AGATGGG A i 1 AGCTAGT 


(ZZU) 


F8 


11 


1 


AA AC G A TGTCG AC TTGG A G 


(737) 


79 


11 


1 


AGGCGACGATCCCTAGCTG 


(261) 


F10 


11 


1 


TA A AC G ATGTC G AC TTGG AG 


(796) 


Fll 


12 


1 


GAAGTCGGAATCGCTAGTAAT 


( 13 12) 


F12 


13 


1 


AAGACCAAAGAGGGGGACC 


(176) 




Scores 






Rank 


Hodel 


Local 


Sequence 


(Posit ion) 


Ri 


5 


1 


CCGTTACCCCACCTACTAGC 


(253) 


R2 


6 


1 


TAGGCATCGTCGCCTAGGT 


(275) 


R3 


7 


1 


GCCGTTACCCCACCTACTAG 


(254) 


R4 


8 


1 


CTAGGGATCGTCGCCTAGG 


(276) 


RS 


8 


1 


CGC C ATTGTAGC ACGTGTG 


(1225) 


R6 


9 


1 


AGGGATC GTCGCCTAGGTG 


(274) 


R7 


$ 


1 


CGTTACCCCACCTACTAGCT 


(252) 


R8 


10 


1 


CGTTACCCCACCTACTAGCTA 


(252) 


R9 


11 


1 


CTGATCC ACG ATTACTAGCG 


(1342) 


RIO 


11 


1 


TCCTCTCAGACCAGCTAGG 


(290) 


811 


11 


1 


AA GGGC AC A AC CTCCAAGT 


(82 6) 


R12 


12 


1 


TCATCCTCTCAGACCAGCTAG 


(293) 



Figure 21. Prim e r S e l e ction S e arch R e sults 



III Hybridization Temperature Calculation 

Hybridization is usually few degrees l owe r than th e melting temperature. There are 
many pub li shed m o d els to c alculate the melting t e mperature. Most o f them are based on 
the following simplified equation: 

Tm ~ 81.5 + 16.6*log H)(e Na ) + 4 1^ 600/n lma] 
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wh e r e Tm ~ melting temp e ratur e in d e gr e e Celsius 

Giva. ~ conc e ntration of sodium ions in molar (M). 

fg^ ~ fraction of G+C bases in the oligonucl e otide 

— ~ total numb e r of bases 

logi^ ~ common (base 1 0) log 



Sequence: GTAACCTGTGTGAACACAGATC | 


[Na*](mM) 50.0 j [Mg+*](mM) |l.O J 


[Oligo](uM)|0.100_ 


Calculate 




Length )22 GC|45.0 MW j6?22.4 


TmbyGc|64.0 


im Using Nearest Neighbor Parameters 




DNADNA (58.409971 RNAJRNA j71 .97323' 


DNARNA |51.5305( 


r iee Energy (37) Using Nearest Neighbor Parameters 




DNA:DNA J-25.7839E RNAftNA J-37.6240C 


DNA:RMA |-24 2500 


Hairpin |-2.47000C 




9 1 a a c ct gt gt 9 
c t a gacaca a 


Dimer -10.6800C 


gt a a c ct gt gt 9a acacag a f 
c t a gacaca ag t gt gt <s c a 


c 

at g 



F i gure 22. Calculat i on r e sults of Melting Temperature 



Materials 

r e a ge n t, probe solution (co n taining a mix t ur e o l' captu re and d e t e ctor prob o ). Ann" fluor e scein horseradish peroxidas e 

\™MC1 f1iVtlt"*C.'0-~l-7T Vt 1 1 1 "! If lift \™ V"* '1-TtOlTl till I t!W/t rCAjTTj"'^ \ -1 J7 VM tl TVVt LM *V? Jyil \J\J'tKTl' ttrrrHMC J \"XA 3 j^/UTVI iti^t. vT~ uvu n 1 XTVC; In vv i^m./ui i 

DAD CI 2 $44 (12 m o rcoptofS hioiinamide 3>6 diox ooci)- I )J od o canamide was purchased from Roche Grnftii (G e rm a ny) - 

-Me thords 
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For deposition of SAMs on Ail \hr ee diff e r e nt SAMs w e r e used. Th e first was depositing 
streptavidin on bar e Au ? th e second was depositing a SAM of biotin HPDP and then 
subsequently binding streptavidin, and the third was depositing a SAM of biotin DAD 
CI 2 SH and then subsequently binding streptavidin. — In all cases, the Au surfaces were 
cleaned with concentrated "Piranha" solution (70 v o1% 30 vol% Ha Q ^. Note: this 

solut i on i s h ig h ly reactive and must be handled w i th care) and thoroughly rinsed with 
deionized water, — For depositing a SAM of streptavidin on bare Au ; a 1.0 mg/ml 
s treptavidin solution in 0.02M Na phosphate buffer, pH 7. was placed on the surfac e , 
a l low e d to stand for 10 minutes, and rins e d with d e ionized water. For d e positing a SAM 
of biotin HPDP, a 10mM solution of biotin - HPDP was pr e par e d in DMSO, and th e n this 
solution was diluted with ethanol (or water) to form a final biotin HPDP concentration, of 
50^M. Au surfaces were incubat e d in th e 50(iM s olution for - 18 hours and th e n rins e d 
with deionized water. The surface s were then exposed to a 1.0 mg/ml streptavidin solution 
f or - 10 minutes and rinsed again with water F o r d epos iti ng a SA M o f b i otin D AD CI 2 
SH, the procedure of Spinke. et al. (1993) was used. The biotin coated Au surfac es w ere 
then expo s ed to a 1.0 mg/ml streptavidin solut io n fo r - 10 min utes and rinsed again with 
water. 

The proto c ol for amperometric detection of E. coli wa s conduct e d as follow s: — 1) 50 \x\ of 
l ysis reagent was added to a 250 jut I sample of E. c o li in c u l ture medi a an d incubat e d for 5 
min, at room temperature, 2) 100 ul of probe sol ution w r a s then added and the mixture was 
incub a t e d for 10 mi n . at 65 °C, 3) 10 pi of the lysed E. coli/probe solution m i xture wa s 
placed on the working e lectr ode of th e MEMs sensor chip and incubated for 10 min. at 
room temperature, 4 ) th e MEM s sen s o r chip w : as washed with wa s h, solution, 5) 10 jiil of 
Anti Fl HR.P wa s p l a ce d on th e working e le c tr o de and incubated for 10 minutes at room 
temperature, 6) the MEM s s ensor chip was wash e d agai n w ith wash solution , 7) 10 \a\ of 
th e K blu e substrat e was plac e d on th e se nsor chip in such a way that all thr e e e lectrod e s 
(working, — auxiliary, — r e f e r e nc e ) — were — cover e d — by — the — substrate — solution, — and — 8) 
e lectrochemical measurements w e r e then taken.. 
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Chapter 5 Surface Analy s is 
-h — introduction 

The SAMs on the DNA sensor were characterized by surface pl.asm.on r e sonance 
(SPR) and atomic forc e microscopy (AFM) to d e t e rmin e wh e th e r only a monolayer was 
d e posit e d and also to d e t e rmine the kinetics of protein d e position. From this data, th e time 
s cale required for in situ sensor surface formation in the integrated fluidic system could b e 
ascertained. 

2-. — Atomic Forc e Microscopy 

Atomic force microscopy (AFM) provides topographic information down to the 
Angstrom (A) l e v e l. Additional properties of the sampl e , such as th e rmal and 
electrical condu c tiv it y , m a g n etic and electric field str e ngth, an d sample compliance 
c a n simul taneously be obtained using a specialty probe. Many application s require 
little or no sample preparation. 

A physical prob e is s c an ned acro s s the sample usin g p i ezo electric ceramic s or la se r 

probe and the sample. The position of the probe and the feedback signal are 
electronically r e cord e d to produc e a thr e e dim e nsional map of the surface or oth e r 
information depending on the specialty probe u s ed, 

Atomicai l y Smoo th S urfac e: T e mp l at e- Stripp e d Gold Surfac e (TSG) 

Gold is b e coming a popular substrat e for biological application on m e chanical 
structures. Its surface is sati s factorily inert, but can be easily chemlsorb dialkyl disulfides 
or alkanethiols, which spontaneously organize into functional SAMs. [28,29,30] 

Sampl e Pr e paration 

Atomic Force Microscopy (AFM) was performed u s ing the AutoPr o be C P from Park 
Sci e ntific In s truments (Th e imomicroscopes, Inc.). — AFM was p e rform e d in th e contact 
mod e using ultral e v e r tips with a forc e of 5.0nN. (Note: Forc e s of O.SnN and 13nN were 
also used with no observable differences i n th e results). To ensure a flat An surface, the 
method of Wagner, e t al. (1995) [31] was u s ed wherein An was first deposited via e beam 
evaporation on Mica and then transfer r ed to S i. — I n our ca s e, THF was not used to detach 
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th e Au from th e Mica surfac e . By cleaving th e Mica ? it can b e cl e anly r e moved from tho 
Au without solv e nt. — D e position of SAMs was performed as pr e viously describ e d. Four 
mica pr e paration methods are illustrated in Fig. 23. 
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5a. glueing crrx> a rough SMppon . 
(efr WjOj at restarts] J 
30 mm at 20 *C: Oj-frc* 



Figure 23 . M ica Sample Pre parat io n f rom Wagner, et al. (1995) 
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Experime n tal R e sult s 




Figure 2 4 .AFM of SAM formation on An (a) bar e Au only (b) full cov e rag e with prot e in 
dragg i ng (c) partial coverage with protein islands. 



3? — Surfft €e4 Ma s ro o*hv- Ro $ oua iree 
-Bfte kgroui K l and P rinciple 

-S uv-i aee- p I b s men-re son a mse-f'-^RR-Vi s-sens rtive-te-ehanges-i tt-ihe-index-af-refrfletion-a t-a ntl-nea i-the-s urfee e-et^a-th+n-nieia i 
fllni™^lM^~i'S"Hn"i}i ,, &ritii~tttfc}'!FHt|Lw^O"tsl')!j^rv ifit? prox^tSL'tfs vK'tu n ing !.^t*tvvcttH - ijyntHti(ji.'''Surit)i.tiij"ijnti'v(.imp!c\ feioiojzictil'SoJutiOiii'; 1 1 u 1 L'O 
allows th e acquisition of d ata in r e al lirn i? without requiring fluor es cent t agging o f th e una W i t s. SP R is mo st c o m m on l y u»t ? d tor 
t-4Ha4nirtg-boil}4ar?Gtie-a^ 

Surface PI asm on R eso n a n c e (SPR) was performed using the Biacore X system (Biacore, 
Inc.). Flow rates ranged from 5jiil/:min to 25 ( ul/min and are stated in the Results section. 
For studies of str e ptavidin binding to bare Au, bare Au chips (Jl sensor chips from 
Biacore) w e r e used. For studi e s of streptavidin binding to biotin DAD C 12 SH or biotin 
HFDP on Ail a SAM of the biotinylated thiol was deposit e d on the bare Au chips as 
previously described. For b e st results, we used new chips cleaned with diluted "Piranha" 
solution for -2 m i n. prior to use. — In the regeneration studies, 25 \x\ of the following 
solutions \\er e flow e d through th e chann e ls at 25 jxl/min (total e xposur e time of 1 min.): 
1.0M KCL 8M urea, 1.0% SDS, 0.1 M NaOH, 0.1M HCL and 4 0 vol% formamide. 



- R es u ks 

T w o diff e ren t m et hods were used to deposit the s treptavidin SAM, one using a 

thiolat e d biotin and th e other using dir e ct protein adsorption. — In both cas e s, SPR data 
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shows that only on e monolayer was d e posit e d on the surfac e (Fig.25). — A crystalline 
monolay e r of str e ptavidin has an expect e d surface cov e rag e of 2,8 ng/'mnr [3 4 ]. — Obf 
results indicate that a full monolayer was obtained using the thiolated biotin and ■ 80% 
coverage was obtained by direct prot e in absorption. Moreov e r, protein binding/adsorption 
occurs within -1 0 s econds. 
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Figure 25.SPR Results of three Different Sensor Surface 
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Chapter 6 Future Work and Summary 

To optimize th e pr o c e s s param e ters and the sensor performance, a complete and detail 
kin e tic analysis will b e don e . Th e r e are two transf e r functions should b e obtained: firstly, 
from the numb e rs of targ e t bio ag e nt to th e numb e r s of the anchor e d signaling enzyme, 
and from the numbers of enzyme to the output current. 

To implement a micr o total analysis s y s tem (uTAS). the DN A se ns o r array chip will 
be inte gr at e d w it h b i po la r tr an sistor a rra y for on chip signal proc e ss . F of Mhe first time, a 
semiconductor amplifier is i nt e gr a ted with a DNA sensor without increa s ing the sensor 
arear 



Th e ultimate goal of this work i s not only to fabricate a DNA sensor chip but also to 
analyze the s teady s tate of the enzyme catalyzed reaction the kinetic analysis, validity of 
the steady state as s umption and then obtain the transfer function. Analysis of enzymatic 
kinetic data is not to character i ze th e nature of the enz y m e (t hat's not our work) but to 
verify the performan ce o f th e D NA s en s or a nd to kno w th e p o tential of the sensor. The 
process of obtaining a simp lified tra nsf e r fun ctio n of t he sensor can also benefit th e 
optimiza tion o f exp e r i m e ntal design: choice of s ubstrate concentrations; choice of pH, 
t e mp e ratur e and other conditions. 

Surface plasmon resonance (SPR) is a part i cularly valuable technique for measuring 
rates and equilibrium constants of processes that i nvolve adsorption of proteins at surfaces 
an d fo r characterizing mechani s ms of protein a ds orpt i on. Since the techniques used in 
preparing SA M s for studies of protein adso rp ti o n a r e esse nti ally the same a s th o s e used i n 
pr e paring substrat e s for SP R, a common s ynth e tic technology can be used with both. Th e 
combination of SAMs, AF\1 SPR. MEMS lithography allow s the study o f the molecular - 
l e v e l int e raction of solutions containing prot e ins (or enzym e ) with synth e tic surfac e s. 
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3r. — Integrat i on with Bipolar Tra nsist o r 
ECBJT (Electrochemical Bipolar Transistor) 

M EMS de v ices hav e distin c tive ; properties us a re s ult of s mall f e ature s bu t the si gn al level from MF MS b ased s en sor is 
Hwreases^he^oise-aiid^he^ystem 

i$4imi t e d b y th e on c h ip c ircu it ry and the li mi t ution- efCMQS comp atible MU MS proc ess u l so r e d uce the flexibility of th e MOMS 
s tr uctu re. 

W e propos e an on chip amplification d e vic e und e rneath th e working e lectrode, 
which is the largest area of the electrochemical s ensor cell. Analogues to the open base 
BJT photosensor, the base area receives the current from the transducer with the current 
gain beta f3, which ranges from 80 150. There' re two types of BIT can be implemented 
w ith electrochemi cal cell, vertical BJT and horizontal BJ T. The c urrent gain i s d e termined 
b y the length of base region. In vert i ca l BJT ? this— is a function of ion implementation 
energy and doping concentration. Wh ile in h o rizontal BJT, the length i s a function of 
lit h o gr ap hy resolution, ion implementation angle and therma l d i.fllis i .on. So the vertical 
BJT i s mor e r e liabl e in term of chip to chip or within chip gain tuiiformity. 



Reference 
electrode 
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Working 
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N+ 
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implant 
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interconnect 
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Figur e 26. Schematic Draw ing of Electroch e mical Bipolar Transistor 



Conventional in chip ampl i fy circuitry requires three metal CMOS process and 
large area for inte rconnection and isolation. ECBJT can s ta ck t wo stages (sen s ing and 
amplify) and the Au working electrode can act as an e l e ctromagnetic sh i eld for th e BJT 
device. Fig.26 is on e approach to realize ECBJT, The working electrod e contacts to the 
ba se area can also incr e as e th e surfac e area of th e working e l e ctrod e for high e r signal. All 
th e structur e s can be done with on e m e tal and on e last Au patt e rning. 

In Fig.26, Metal 1 connects to signal output and em i tter of the ECBJT. Gold 
working electrode connects to base through LT02 via etchi n g . LTOl isolate th e BJ T and 
si g n al li n e whil e LT02 isolate three electrodes. The via array on working electrode 
i n c r e as es t h e surfeee- are-a and also forms a so l i d c ontact with-BJT. Th e dimensi o n of the 
via (-a few jam) is much larg er th an the size of the protein SAM few tenth s A) on 
working electrode so the protei n adso rption will not be affected. 

The structural d e sign of th e DNA s e nsor chip array with bipolar devic e is shown in 

Fig.27 — and — the — process — flew — ef — the — BiCMOS — fabrication — proc e dures — is — in 
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16. Metal deposition 



17 . Metal patterning 



Figure. 28 Process Flow of BJ^&§, fabrication Procedure 



To provide a better understanding of th e spatia l arrangement of the DN A s e nsor 
electrodes and the bipolar transistor dev i ce, on e s en s o r unit is decomposed layer by layer 
to show th e inn e r structur e of the de s ign in Fig. 29 




(a) Sensor unit with all layers 
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(b) Sensor unit without Au electrodes 




(c) Sensor unit without Au electrodes and 
t\vp oxide layers (LTOl, LT02) 



(d) Sensor unit without Au electrodes two 
ojsj(|£ lasers (LTOl, LT02) and metal 



Figure. 29 Decomposition of Sens or Unit 
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— Su mma ry 

T his w ork h a s s hown experim e ntal ev i d e nc e o f suc ces sf ul cou pling ol* nucleic acid recognition event >vith electrochemical 
trmisdHvefs^A^rioii^^roa&hes^ 

and se nsiti vi ty to th e MEMS bused bios e nsors. 
}>F0ieiiveeneemFalionT-dt?p^si^ 

im p r o v e m en ts in the sens i tivity hav e be e n achi e v e d by modifying the senso r orr a y st ru ct ur e and o ve rc o ming the fabr i cation difficulti e s. 
bc^n-denionstr-ated-wW 

tt«alys4g-to o ls ut i l i zing micr o fU mti cs w i ll p ro vid e th e n e x t g e neration of inexpensi v e DNA diu gftestttfSr 
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Chapter 7 Introduc -tien 



4? — Overvi e w 



A vari e ty of bios e nsors, both optical and e l e ctrochemical, hav e b ee n d e velop e d for 
the det e ct io n of pathogenic bacteria (Ivnitski, et aL 1999, 2000), While 
conventional methods for detecting bacteria usually involve a morphological 
evaluat i on of the organism s a s well a s testing their ability to grow, such methods 
ar e very tim e consuming and are not f e asibl e under fi e ld conditions. Th e need for 
r apid detecti o n as well a s p o rta bi lity h as le d t o the d evelop ment of sy st em s tha t 
coup l e pathog e n r ec o gnition with signal tran s duction. Both optical a nd 
electrochemical detection of bacteria have been reported, although electrochemical 
methods hav e an advantage in that they are mor e am e nable to miniaturization 
(Ivnitski, e t, aL 1999, T. Wang, e t. aL, 200 0 ) , Requiremen ts fo r an i d eal dete c t or 
in cl u de hi g h sp e cificit y and high sen sitiv i ty using a protocol that can -b e complete d 
i n a relatively short tim e . Moreover, systems that can be miniaturized and 
automat e d off e r a s ignificant advantag e over curr e nt t e chnology, e sp e cially if 
detection is nee d e d in the field. 

Microelectromechanica l systems (MEMS) technology provides transducers to 
p e rform s e nsing and actuation in various e ngin ee ring applications. The 
signi ficanc e of MEM S tech nology is tha t it mak es po s sible mec ha nic al parts of 
m ic r on size that c an be integ rated wit h electron ics an d b atch fabricated in - l arg e 
quantitie s . — MEMS devices are fabricated through the process of micromachining, 
a batch production process employing lithography. Micromachining r e lies h e avily 
on the use of lithographic methods to create 3 - dimensional structure s using pre - 
designed resist patterns (mask s ) (Ho and Tai, 1 996, 1 998). MEMS i s an enabling 
technology for making miniatur i zed devices, and in this work, we integrate MEMS 
technology with bios e nsing m e thods to d e t e ct E. coli bact e ria. 

One of the most effe efri- v e means of ac hi ev i n g h i gh s pe ci fi ci ty i s t o det eet-tke 
bacteria's genetic material ( e .g. rRNA. mRNA. denatured DNA). By choosing a 
singl e strand e d DNA (ssDNA) prob e whos e se qu e nc e is complem e ntary only to the 
target bacteria's rRNA or ssDNA, monitoring the hybridization event allows 
s ele ct iv e s en si ng of target cells. — To maximize sensitivity, coupling the 
hybridization event with an enzymatic reaction leads to signal amplification, as 
each substrat e to product turnov e r contribut e s to th e ov e rall signal. Bioassays to 
detect DNA h ybri di zation th at are amplifi e d by e nzymatic r e action can still, bo 
co mpleted w i thin a reasonably short ti m e. Fina l l y , t he mi n i at ur iz ation and 
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portability i nherent in electrochemical probe s mak e them excell e nt candidat e s for 
i ntegration into MEMS devices. 

A prototyp e amp e rom e tric d e tector has b e en dev e lop e d for Esch e richia coli (E, 
coli) based on combining several well -es tablished t e chnologies into one detection 
s ystem (Chen, et. aL 200 0, Gau : et. al., 2000). The technologies of MEMS, self 
assembled monolayers (SAMs), DNA hybridization, and enzyme amplification all 
contribut e to the d e sign of a miniaturiz e d, sp e cific, and s e nsitiv e E. coli d e t e ctor. 
DNA electroch e mical probes have been reported previously (Wang, et al,, 1997. 
Marrazza, ct aL 1999), with graphite or carbon el ectrodes typically used. 
Commercial units for amperometric d e tection of DNA from E. coli using scr e en 
print e d carbon electrod e s on disposabl e t es t strips ar e al s o available. Scre e n - 
printing ha s the advantage of low cost, however, a chievin g high dimensional 
precision i s not easy. Using lithograph y, thin fil ms o f a wide range of mat e rial s, 
including metals (Au, Ag) and carbon, can be accurately patterned in mm size 
dim e n s ions. Mor e ov e r, utilizing a SAM is an e l e gant m e thod of s e l e ctively 
immobilizing molecules on MEMS surfaces. The bonding of S AMs t o A u, Ag and 
other metals has be en w ell- st udi e d ( R ev el h et aL 1 998, Motesharei, ct aL 1998, 
Xia, et al., 1998, Lah i ri, et aL 1999), and proteins and other biomo'lecules can be 
easily immobi l iz e d onto surfaces such as Au using SAMs (Ostum, e t ah, 1999, 
Kane, et al., 1999, Spinke, et al., 1993, Haussling, et al.. 1991). Amperometric 

analytes succes s fully (Sun, et al... 1998, Hou, et al., 1998, Murihy, et al., 1998)! 

In our E. coli d e t e cti o n system, we tak e a dv an t ag e o f the benefits inherent in each 
t echnolo gy. U si ng DNA hybridization and enzyme amplification, wc achieve the 
requ i red specificity and s e nsit i v i ty. Using MEMS and SAMs, we fabricate a 
miniaturiz e d system that can be d e veloped into a portabl e instrument. Finally, we 
demonstrate that the present detection system is applicable to a broad rang e of 
pathogeni c b a cteria. — For example, the detection m o d u l e and assay protocol can be 
adapted to detect uropathogenic E. coli and identify microorganisms causing otitis 
m e dia (middl e e ar inf e ction). 



2r — Summary and Objectives of this Work 

The main obj e ctiv e of this diss e rtation entails th e incorporation of various stat e of 

the art technologies into the design and fabrication of a MEMS based. DNA microarray 

chip. This is also the most significant achievement of this work integrating different 

di s cipl i nes via fun c tionality while maintaining the simplicity and integrity of the ent i re 
system. Throughout the whole paper, experimental results will be pre s ented at variou s 
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ch e ckpoints with gold standard t e sting methods to validat e the p e rformanc e and th e quality 
of our proprietary MEMS bas e d e l e ctroch e mical s e nsor, 

Chapter one provides an overview of the various types of gene based detectors 

developed by othe r g ro ups while highlighting the fund amental un i queness of our work. 
This chapter outlines the significance of var i ous technique s used in our work while 
focu s ing on the integration of each functional component. 

Chapt e r two d e tails the d e sign asp e cts, fabrication proce s s, experim e ntal m e thods 
and r es ults. Optimization of process param e t e r at each significant st e p is de s crib e d. Th e 
analytical and characterist ic results of this work are illustrated in e ach relating topic. 

Chapter t hree focuses on the fundamen tal mec hanism of the enzymatic reaction and 

summarizes the electron transfer pathway. The kinetic aspects o f perox i da se reactions are 
briefly — reviewed, — follow ed — by — a — detaW — reaction — analys i s — ef — the — Hor ser adish 

peroxidase/3,3 \5, 5 ' te t ra me t hylbenzidine (HRP/TMB) — redox — couple, A — fet — order 

approximation of the s e nsitivity limitation is d e riv e d and shown to — match the best 
sensitivity of our d e tector. To furth e r improv e th e s e nsitivity of our curr e nt det e ctor array, 
efforts should be addressed regarding diffusion controlled effects. 

Ch apt e r four examines the reprodu c ibil i ty and stability of the detector using 

s tandard electroanalytical te c hn i qu e s. — The a i m of the chapter i s t o d evelop a further 
understan ding of the error factor and the limitation of this MEMS based electrochemical 
cell, in an attempt to lay the foundat io n for the future DNA detector c hip d esig n. 
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Chapter 8 Experimental Des ign 

— Fabr i cat i on of MEMS bas e d PNA m i croarray 

A layer of s ilicon dioxide (SiCb. 1000A) was deposited on a bare Si wafer (prime grade, p 
type <1 00>, thickness 500 550mm) and served as a pad layer underneath the s ilicon nitride 
(SkN4 ., 1000 A) to release stress and improve adhesion. — MEMS m icroarr ays were 
fab r icate d with working electrodes of various dimension s etched to form wells up to 
350mm depth. 

The nitride waf e r was patt e rned and bulk etch e d using KOH along th e [111] and [100] 
crystal planes, and the depth of th e w e ll was controlled by KOH e tching time and 
temperature. The 100mm wide auxiliary and reference electrodes are separated from their 
corresponding working electrode by 200mm. F i gure 1 shows a schematic of the pattern 
used in g enerating t h e M EM S array. 

Au(2000A)/Cr(jOOA). Finally the water w as frmh e il i n h exa meihylrii si la/ane (HMD S-) vapor fe r t hr ee min u t es after t e n minui eo ofu 
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GOLD LAYER ' - --- 

Figur e 1. Sch e matic design of DNA microarray chip 

surface on the surrounding Si areas. — The hydrophobic nature of the surrounding area, 
along with the 3 dimensiona l nature of the working electrode, allows containment of a 
li qu id dre plct on the working electrode. This design effectively minimiz e d no n -specific 
bi nding of biomolc c ul cs t o o ther areas of the MEMS array. 
3^ — Depo s ition of streptavidin SAMs on Au 

Thre e different m e thods w e re us e d to deposit str e ptavidin monolayers on Au: 

1) directly adsorbing streptavidin on bare Au 

2) depositing a SAM of a biotinylated thiol, biotin DAD CI 2 SH, and subs e quently 

binding streptavidin 

3jdepo s it i ng a SAM of a biotinylated disulfide, bi o tin - HPDP r and s ubsequently 
binding streptavidin 
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Strep tavidin 




Approach (2) Approach (3) 



Figure 2. Different approaches for protein deposition 



with dcion i /od water (ili k O). For d e posit i n g £. t ro puiv id in on ban* An. a s nluiion o f 1 .0 rn» / m i s tr e p i avidin (Si gma C h e mical Co.. S067") 

tfh(y>2M-^^hospha^£4>Hite^V 

&}F-depo5mng-o-$A:M-ef4>^ 

- SH i n eihano i wit h 4.5\l 0 ^* M ! 1 rwre a^ to i u mke a n o i t A l dri c h Chemical Co ., 4A J52 8 ) and rin^d \\hh oth af iol and wat e r. The 
bioii n-cea ted-A u-s tir-fe^-s-sve-re-t -posod-i o-a-4-rO-F i igA -st rcpia vi d i ? i-sol t« i on-l at— -1 O-mi nu tes-and- m >scd- again-w i H ^Qr-RoF 
def:K:;>sitiflg^4>A£4H}f4>i6ti^^ 

^ — Assay prot o col fo r amp e r o ni e tr ic cl e t eeti oa of patho g e n 



The assay protocol was conducted as follows: 

1)50 ml of lysis reagent (0. 4 M NaOH) was add e d to a 250 ml sampl e of bacteria in 
culture media and incubated for 5 m i n. at room temperature 
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2) 100 ml of prob e solution (anchoring & signaling prob e s) was th e n added, and th e 

mixtur e was incubat e d for 10 min. at 65°C 

3) 5 ml of the lysed E. coli/probe solution mixtur e was plac e d on th e streptavidin coated 

working e lectrode of the MEMS detector array and incubated for 10 min. at room 
temperature 

4 ) Thc MEMS DNA detector array was washed with biotin wa s h soluti o n (Kirkcgaard 

and Perry Laboratories, 50 - 63 06) 

5) 5 ml of Anti Fl POD (And fluor o sc o in. peroxidase, 150U, Roche Inc., 1 4 26 3 4 6), 

dilut e d to 0.75U/ml or 0.15 U/ml with dilutant (PBS/0. 5%Cas e in) was plac e d on 
the working e l e ctrode and incubat e d for 10 minutes at room t e mp e ratur e 

6) The MEMS array chip was washed again with wash solution 

7) 10 ml of K blue substrate (Neogen Corp., 300176) was placed on the detector array 

in s uch a way that all three electr o des (wo r king, auxiliary, reference) were co vered 




8) Electrochemical me as urements were im mediately taken. 



309005876.P002 



26 4 /029 105 
— Patent 





(S) 




Signaling Enzyme - 
ta&ej&j^ peroxidase 
(POD) 



Anchoring ssDNA 



Bio tin 




Self-Assembled 
Monolayer (SAM) 



Strop tavidin 



Counter 
Electrode 



Figure 3. Sensor and pro toc ol process flow (1) ly s is (2) hy b ri di zati on (3) immobilization 
( 4 ) washing (5) POD loading 



-T1km;h lipe-pi - oteeol-wa a -eompleted-witUi n-4* ) -mi mrtesT-A mpe ron >e-tri o-c-u h *em- vst- time-vw* s-meas urod-us i ng-a-<4H -1 n> t f uroen if? - 66* ) A 

s e qu e nt i a l ly . Th e voltag e w us fixed at 0 .1 V i va . r e f e r e n ce ) . un d u cuthod ic c urren t t amp e rorn e tri c signal ) re a ding s vu s tuk e n en 20 
seconds . At 20 se cond: ? , curr e nt values had reached st e ady s tate. Cell concentration (cell number) was determined using serial d i lutions 
t3 Hd-ou I tu re-p-laiG-oetmti n gr 



4= — Materi als foF - Electrochcamcal E teetrerires 

Standard e l e ctrodes ar e us e d in conventional el e ctroch e mical e xp e rim e nts to provide an 
accurate — and — precise — referenc e — potential — though — a — half cell — composed — of an 
analyte/electrode interface. The commercial standard r e ference/counter electrode is about 
the size of a pen; therefore the reaction is often c on d u c te d in a o ne liter beaker. Stirring is 
gener a ll y required in all cases to eliminate diffusion controlled effect. 
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Typical mat e rial combination for r e f e r e nce/count e r complex is Ag/AgCL — Scr e en printed 
sensors w e r e r e port e d using AgCl paste and Ag wire onto a plastic board or silicon wafer. 
Scre e n printing is not a MEMS compatible proc e ss and its resolution is limited by the siz e 
of the scr e en matrix. 

Several conducting material s , available in MEMS technology, we re patter ned on a sil i con 
substrate by th e lift off proce s s, and the characteristic of the three electrode system w e r e 
te s ted by cyclic voltammetry with ferrocene solution. Different combinations betwe e n 
gold, platinum, titanium and aluminum w e r e test e d and th e Au/Aa'Au, thre e electrode 
syst e m gav e th e b e st C V curv e and redox charact e ristics. Differ e nt shapes and areas wer e 
also tested to achieve the optimum de s ign. 




Au/Au/Pt Au/Au/Ti Au/Au/Au 



Figure 4 . Different electrode material on si lic on s ubs trate 




Figur e 5.C V charact e rist i cs of sensor el e ctrodes and enzym e respon se 
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§• — On - Chip R e action Well for R e agent C o nfin e m e nt 

The design concept of having a reaction well on the silicon substrate was taken from the 
ob s ervation of the high level noi s e from the non specific binding of HRP onto the 
peri phery region of the working electrode. To verify t hat noise does come from th e HRP 
r e sidual at the surface, a simple t e st was don e to e stimate the contribution of this unwanted 
binding. HRP were introduc e d to a bare silicon chip, followed with s e v e ral wash st e ps 
before the addition of the substrate solution. A very high level of enzymatic reaction was 
observed immed i ately after addit ion of the substrate solution. 

As expected, HRP, like other proteins, sticks to the silicon surfac e easily and 
tightly . S everal commercial wash solutions and blocking protein were te s ted without any 
s i gnific ant improvement of r e ducing non - specifi c bind i ng . — The best way t o r educe 
und e sirabl e binding is to prev e nt it from happ e ning. — The area outsid e th e work i ng 
electrod e n ee d not e ncount e r th e HRP solution, how e v e r, it is almost always a tradition to 
immerse all three electrodes i n the aqueous syst e m during the protocol. 

Auxiliary electrode 




Working electrode with SAM 
309005876P002 
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Figur e 6. Comparison b e tw e en microfabricat e d and comm e rcial e l e ctrod e s 



The simpl e st way to confine certain reagents within a well defin e d space is to build 
a well. As shown in Figure 6, a microfabricated well is bo rdered by (111) silicon planes 
after KOH et c h i ng . — The workin g el ectrode, defined by the lift off proces s, c o vers the 
entire well surfac e . 



& — Surface Modification for Noi se R e duction 



Surfac e t e chnology and material scienc e 



The importance of material science cannot be underestimated when designing a 
DNA ch ip . — An un ac ceptable amount of non speci fic bi nding still occurs during the 
w ashi n g p roce s s w hile t he diluted reagent is flowing ar o und the wafer surface. The time 
for the wash s olution, containing HRP. to stay on the periph e ry region i s much longer than 
the binding time constant. — B e sid e s fabricating th e w e ll structur e , th e surfac e of th e 
p e riphery ar e a must b e prot e ct e d by anoth e r mechanism. 




Reagent 
droplet 



Gold surface 



Hydrophilic 

Silicon surface : 
Hydrophobic 



Figure 7. Reagent Confinem e nt with Reaction Weil 



The most efficient way to keep the surface from contacting reagents i s to make it 
hydrophobic. — Silanation of the silicon surface is widely used to prevent suspended 
structure s t icking t o the sub s trate by surface tension. In our ca s e, it was used to prevent the 
dir e ct contact of biomol e cul e s to th e p e riph e ry area of silicon substrat e . 
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S i lanation 

Silane based molecules with various functional terminal groups have be e n used to 
modify surface propertie s of sil i co n wafers, silicon nitride chips, and th e scanning probe 
micro s copy (SPM) tips. — Silane compounds, from the surface modification, form robust 
self assembled monolayers (SAMs). which ch e mically tether from the silicon oxide 
surf a ces. — Thi s behavior is a result of hydrolysis of the terminal Si(Cl)n or SiOC ^fe 
groups. 




counter working reagent silicon substrate a ball of reagent 

electrode electrode 



Figure 8. Reagent Confinem e n t by S u rf ac e Treatment 

(a) The reagent is shaped by the hydrophilic working electrode and a droplet 
is nicely formed over the Au surface (b) By increasing the volume of the 
reagent, the area covered by the reagent will gradually expand and cover the 
remaining two electrodes (c) stream of reagent is dispensed by a pipetteman, 
and a ball of reagent is formed instead of spreading over the hydrophobic 
silicon substrate 

7~. — Results 



M i cro e l e ctrom e c ha n ical syste m ( MEMS) 



■ Figure 9 tfhowj a photograph of th e MUMS detector array. Sixt ee n working e l e ctrod e s with th e i r corr e sponding uuxiliary i 
el e ctrodes were patterned in a 2.8 cm \ 2.S cm area. Th e d e te c to r array wa - j fril ly reus abl e u s t he surface can bo cleaned unr i g the 
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2.8 cm 



4x4 DNA sensor array Micro sensor array (x14) chip 

Figure Q.Different typ e s of DNA micro array d e t e ctor chip 
Detecti o n o f path o gen 

F or the amper omc tric detect i on of E. coli rRNA ; we fir st c ompared the performance of the 
t hr ee different stre ptavidin monolayer surfaces. Str ep ta v i din was immobilized on the Au 
using the throe different approaches pr eviously d e s c ribed, and the assay p r o t o c o l was 
conducted for the bact e ria E. coli and Bordetella bronchis e ptica (Bordet e lla), — Sinc e the 
ssDNA prob e s ar e sp e cific for E. coli, th e Bord e t e lla bact e ria s e rv e d as the n e gativ e 
control sample. — Th e purpose of this experiment wa s to compare the efficiancy of the 
immobilized streptavidin to capture the biotin rRNA POD hybrid. Two concentration s of 
E. coli w ere us ed, with one s ample having ten tim es th e concentration of the other. 
Moreover, the signal from the negative contr o l (Bo r d et ella) i ndicates the level of non 
specific binding or the achievable "baseline". 

Sinc e th e sam e bact e rial solutions (E. coli or Bord e tella) w e r e us e d, a direct comparison 
can be mad e of th e diff e r e nt surfac e s. Th e r e sult shows that str e ptavidin immobiliz e d via 
the biotinylated thiol to Au wa s the best condition for E. coli detection. U s ing the biotin 
thiol SAM ? we obtained good signals for the E. coli whil e achieving a low bas e line signal 
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from the Bord e t e lla. For str e ptavidin immobilized via th e biotin disulfide to Au, current 
signals for th e E, coli (both conc e ntrations) w e r e significantly low e r, whil e th e bas e line 
was th e same as that for the biotin thiol/streptavidin. In the case of streptavidin directly 
adsorbed to Au, the signal from the Bordetella was much high e r, indicating a higher lev e l 
of non specific binding of P OD to the surface. 



Detectable number of Cells (in log scale) 
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Figur e 10. S e nsiti vity e volution of DMA d e t e ctor microarray 

After a s certaining Au/biotin SH/streptavidin to be th e optimal streptav i din surface, w e 
repeated the protocol using E. coli and Bordetella to determine the sensitiv i ty of our 
system. We im mo b iliz ed st r ept a vidin via the biotin SH SA M and performed t he a ss ay o n 

a scries of E. col i dilutions along with Bordetella as the negative control. The 

improvement of the sensiti vity 7 over time is shown in Figure 10. The data indicate that as 
few as single E. coli c el ls can be detected u s ing our MEMS system. As expected, the 
current signal incr e ased as a function of increasing number of E. coli c e lls in th e sample 
solution. Moreov e r, by low e ring th e POD conc e ntration used in th e assay protocol (from 
0.75 U/ml to 0.15 U/ml), we achieved better discrimination in signals at l ower E. coli cell 
numbers. A s s een in Fig. 11, the current signal for 0.4 atto (IE 18) mole was four times 
more than twice that for 2.0x10 ^ Bordetella c e lls. The results using our MEMS system 
confirm that E. coli bacteria was successfully detected u si ng amperometry and SAMs to 
capture the bacteria rRNA. 
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Figur e 1 1 .S e nsitivity check of E.coli ov er B o r d etella cells through 16s rRNA 



In our MEM S sy s tem , E. coli detection is ba s ed on D NA hybr idization followed by 
e nzymatic r e a ct i o n, A schematic illustrating the e lectrode s urfac e is shown, in Figure 12. 
A st re p t avidin monolayer is immobilized on the Au working electrode surface to capture 
th e rRNA from E. coli, — Two ssDNA s e gments ar e used in this syst e m, — Th e captur e 
ssDNA, which is conjugat e d to biotin for streptavidin binding, hybridizes to one e nd of th e 
E. coli rRNA. The detector ss'DNA, which is conjugated to fluorescein for binding to anti 
fluorescein linked to the enzyme peroxidase (ROD), hybridizes to the other end of the B. 
coli r R NA. — The capture and detector s sDNA recognize two distinct conservative 
sequences, and therefore, the hybr i d form s only with the s pecific gene segment from E. 
coli. Th e oligonuclcic hybrid i s immob i lized through biotin streptavidin binding onto the 
Au, working electrode and unbound component s ar e washed away. — Streptavidin bind s 
biotin with unusually high affinity (Kd ■ 10 ~** M) (Weber, e t. aL 1989). Aft e r loading the 
POD onto th e hybrid (through Anti fluoresc e in binding), substrate is add e d and — the 
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enzymatic reaction is d e t e cted amp e rom e trically. The substrat e solution contains both th e 
g€k- and a m e diator, 3,3\5,5't e trmii e thylbenzidin e (TMB). 



Reference 
electrode 



Q TMB, mediator 




!• 9 



Oxidized 
product 




'Auxiliary 
Au working electrode electrode 



Figure 1 2. A schematic illu s trating the electrode surface 



Chapter 9 E nzymati c reaction mecha nisms 
— Introduction 

Th e e nzymatic r e action plays a significant rol e in our d e t e ction sch e me. In ord e r to 
derive the correlat i on between the target molecule and the current readout, the detailed 
r e action mechanism is described in this chapter. — Enzym e s have the capab i lity of 
a cceler ating chemical reaction toward equilibrium and hence are extraordinarily efficient 
an d selective biological catalysts. A c at a lyst is a substance that typically accelerate s the 
rate of a chemical reaction w hile re maining unharmed in the proc e ss. Most enzymes ar e 
high l y sp ecific to their substrate and consequ e ntly h av e been referred to as having a "lock 
and key" r e lationship. — Th e y t e nd to acc e lerat e on e or a group of relat e d r e actions. 
Enzyme catalyz e d r e actions ar e st e r e os e lectiv e and st e r e ospecific and these charact e ristics 
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hav e r e sulted in their fr e qu e nt us e in analytical applications. Enzym e s are widely used for 
mol e cular r e cognition in biosensor s du e to th e ir highly sp e cific natur e and catalytic 
behavior. They act as a "capturer" as well as a "report e r" 

Several thousand enzymes have been isolated from mammals , fungi, bacteria and 
plants, and h u n dreds are commercially available. Enzymes are classified by the reactions 
th e y catalyze and p e roxidases (or oxidoreductase e nzymes) are frequently u se d for 
electrochemical electrode s . — P e roxidases catalyze the oxidation and reduction of the 

enzyme substrate. In controll e d — e xp e rim e nts, th e charg e transf e r ev e nt can be 

quantitatively measured at th e working e lectrode. 

3r. — P e roxidase 

P ero x id ases (P O D s) are i mportant enzymatic tools in anal yt ic al b i ochemi st ry. — T hey are 
widely used to construct biosensors (Ruzgas et a'L 199 6) a n d ar e als o common l y used in 
enzyme - linked immunoa s says (ELISA) and biological i s olation t e chni q ues (Blake and 
Gould. 198 4 ). — P e roxidas e s' wid e sp e ctrum of activity and functionality in bioch e mistry 
and physiological pathways has lead to fundam e ntal r e s e arch, which has advanc e d our 
understand i ng of their molecular structure, functionality and reaction mechanisms. 
Peroxidases catalyze the oxidation of various electron donor s ub s trates (e.g. phenols and 
aromatic amines) with hy drogen p eroxide ( H^ Qg ) (Dunford et aL 1991). The core 
technology of our electr oc hemical senso r f or DNA ident i fication is -b a s cd on the electron 

transfer of a redox reaction catalyzed by a per oxida s e. Consequently, the nature of 

p e roxidases is fully studi e d in this w o rk . 

5. — E l ectro ch e m ical Re act i on o f H ors e ra dish Perox i das e (HRP) 

Hors e radish peroxidase (HRP, EC 1.11.1.7) is the most studied member of the heme 
containing superfamily of pl ant peroxida s es. — It s commercial ava i lability, high purity and 
lo w cos t make it a versatile enzyme for sensing applications. — HRP is a relatively small 
ferric enzyme derived from the root of the horseradish. It has been used e xt e n s ively for 
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biological det e ctions and lif e sci e nc e res e arch e s such as ELISA assay and blotting. Wh e n 
us e d with a vari e ty of substrates, HRP's high turnov e r numb e r (high catalytic activity) 
leads to the gen e ration of large signals from the production of colored products in the 
presenc e of hydrogen peroxide. — For this reason it is commonly analyzed using optical 
detection schemes. 



hQa as the electron acceptor to catalyze a number of oxidative reactions. Our 
approach differs from that of optical detection in that, the mediated electron transfer is 
e l e ctrochemically d e tect e d instead of monitor e d by the change of absorbanc e at a c e rtain 
frequency (655mn ? or 4 50nm upon acid stop) of th e product. Th e e nzymatic r e action can 
be looped either by direct electron transfer or mediated electron transfer. — The d i rect 
electron transfer involves the physical contact of the acting site with the electrod e 
potential. In general, the red ox cen t er of t h e enz yme is u s ua ll y buried in the thick prote in 
s hell, a n d he n ce t h e dir e ct electron tran s fer b et we en tire enzym e a n d a co mmon electrod e is 
v e ry slow , — Orientation and a eeess ibi.li.ty are major limiting factors in its practica l 
applicati on. The mediated electron transfer has a mu c h f aster reaction since it utilizes fr ee 
moving m e diators for th e e l e ctron transf e r. Th e s e m e diators ar e typically small molecules 
that can dir e ctly acc e s s th e redox center of the e nzyme, and can th e n diffus e to the 
e l ectrode s urface where charge transfer occurs. 

Mediated Electron Transfer 

The generalized reaction of peroxidases i s an irreversible ping pong mechanism that can be 
described by thr e e sequential s tep s : 



~Fe m (porphyrin^ 
'Fe^e^porphyrin) 1 
-Fe^0^&orphyrinfH ± -^tt 



rFe^orphyritry^H 



-0) 
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In this mechanism, the resting stat e feme enzyme Fe m (p orphyrin ) (th e original form of 
HRP) i s oxidized by on e equivalent of Hg&2 to give an active intermediate (compound I), 
where the iron is oxidized to a ferryl (-Fe yj ^-~£^~) species. — Compound 1 is an 
orphyrin cation radical containing -Fe 1 ^, with on e oxidizing e quival e nt (• * ) stored as an 
organic radical. Tin's is a two electron oxidat ion/redu ction reaction where H ^Q g i s reduced 
to wa t er and the enzyme is oxidized. One oxidizing equivalent resides on iron, giving rise 
to th e oxyf e rryl ( -Fe nL ^& ) interm e diat e . 




Figure 1 3 .Ox idation of the heme group in HRP to com p ou nd I (Th e heme is repr e s e nted 
as a square of nitrogens) 

The oxidiz e d form of HRP is reduced back to its nativ e form in two st e p s . In e ach st e p, 

one organic — mediator — (~AHj) — is — oxidized. l-n — eiff — pro t oc o l. — TN 4 B — (SJ'^J 1 

t e tram e thylb e nzidm e — G^fcoNg ) is used as th e organic substrat e to compound I First, 
compound I acc e pt s a TMB mol e cul e into its active sit e and carri e s out its oxidation, hi 
the proc e s s , a fre e radical ( ~AH^~ ) is produc e d and rel e ased into solution. Compound I then 
und e rgoes an on e e l e ctron oxidation r e action with on e molecul e of TMB yi e lding 
compound 11, which contains an oxyferryl center coordinated to a normal (dianionic) 
porphyr i n ligand. — Compound 11 is finally reduced back to its native ferric state with 
concomitant one - electron substrate oxidation. Th e mediator ( -A-Hj ) is oxi d ized to a free 

radical product ( AH~ ). Th e ov e rall charg e on th e resting s tat e of compound I is + 1, whil e 
compound II is n e utral. 
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Figure 1 4 . Schematic drawing of HRP enzymatic react i on with TMB 



The entire r e action will be limited by the depletion of the mediator (TMB), unl e ss the fre e 
radical pro duct {~AH~) can be reduced to its or i g i nal form. — The free r a dicals (~^rH~^ 
formed during the reaction, can be transferred in to i ts non - radical form in various ways. 
Our approach is to b i as the e lectrod e at a certain potential which actively drives th e 

r e duction of th e fr ee radical. Th e HRP tak e s e l e ctrons from the e l e ctron donor (TMB), 

and th e oxidiz e d m e diator is el e ctroch e mical ly reduced back to its initial form. — The 
mediated electron transf e r can b e observed at th e working electrode through the 
measurem e nt of current (el e ctron s ). In ord e r to measure the flow of current in an eff i ci e nt 
m anner, the diffusion d i stance of the TMB must be reduced. — Thi s is achieved by 
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anchoring th e HRP clos e to th e working electrod e . The distance b e tw ee n th e HRP and tho 
working e l e ctrod e in our protocol is about 320A. 

Wh e n both H 3 €b. and an electron donor (TMB) are present at a peroxidase electrode, direct 
electron transfer coexists with the mediated enzymatic reaction. — The oxidized formed 
TMB (~7tff*~) is rapidly reduced at the biased electrod e according to the following reaction: 

-£ H m +e ~ + - ir k ' m >~ AHj ^ 

When using TMB as a s ub strat e fo r H R P, the sensitivity is high compared to other 
mediators. — Ad ditio na lly, t he product of the TMB reaction is stab le, in s ol uble and is 
su p er i o r to others for the application of precipitation. 

Direct Electr on Tra n s f er 

Reversible redox transformations of peroxidases at an electrode can be used to drive 
enzyme catalyzed reactions for analytical purposes. Electrical contact of peroxidases with 
electrode surfaces is a critical process i n t h e d e sign of enzyme electrodes for bioelectronics 
and biosensor application util i zing dire ct el ect ro n transfer of peroxidase. — Achieving direct 
electron exchange betwe e n electrodes and e nzymes simplifies the e nzymatic reaction by 
eliminating the need for a chemical m e di at or. — The major obstacles of direct electron 
transf e r are th e ext e nd e d three dim e nsional structur e and th e inacc e ssibility of th e electro 
activ e c e nt e r. On th e oth e r hand, e l e ctron transfer r e actions provid e an alt e rnativ e m e ans 
by which th e oxidized form of HRP can return to its re s t state without the ne e d of a 
mediator. Compound 1 and 11 are t h e oxi d ized inte rmediates of peroxidase. — -AHj-omk 

~AH~ are the electron donor substrate and th e radical product of it s one e lectron oxidation, 
r e sp e ctiv e ly, — Wh e n p e roxidases are immobiliz e d on a working el e ctrod e , th e direct 
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electron transfer r e action is commonly d e scrib e d as th e p e roxida se r e action cycl e , in which 
the e lectron donor ( ^AHj ) is created when th e acceptor ( 7tff 9 ~ ) gains an e lectron in the 
charg e transfer r e action, (Ghindilis e t al., 1997; Gorton e t al., 1999) 

Pe r o xi d as e h o x id ized by hydrogen peroxide according to reaction equation 1 1 ), a n d then s ub seque ntly reduced by electron;; provided by 

Fe /V - &" (por p hy ri n)** + 2c I 211 * *' ) re 111 {po rp hy r in) + II 2 0 ff) 

C ons eq uently, after hybridization and i mmob il i zatio n, HRP s hould be tethered to the 
sensor sur f a ce at a relati v e close distance but not in contact with the working electrod e . If 
the oxidi zed f or m of HRP is in contact with the working electrode (by non - sp ec ific 
binding) direct e le ctron transf e r will occur. This e ffect contributes to th e ov e rall el e ctron 
signal (curr e nt m e asurem e nt) and can mak e quantitativ e analysis difficult. 



4-. — Fir s t Order Approximation of Sensitivity Limitation 

In this se c ti o n , a fi rst order approximation of the sensor s e n si tiv it y is deri ved. The detailed 
mechanism i s discussed in the following s ections. — Alter understanding the working 
mechanism of th e d e t e ction protocol, w e focus on syst e matically addr e ssing how the 
limiting factors in our protocol r e lat e to s e nsor sensitivity. — Our ultimat e .goal is to 
determine the physical limitation of our system. A number of the key parameters will be 
compared with those published in literature to verify the accuracy of this calculation. 

Nois e level 

Two leakage current s are major nois e sources for this DMA s e nsor chip d e sign . On e i s the 
■ Johnson noise from th e s ilicon subst r a te an d t he oth e r is the baselin e current from the 
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substrat e solution. — A seri e s of characterization e xperim e nts, conduct e d by Shannon 
Huang, using diff e rent e l e ctroch e mical sensor chips conclud e that th e av e rage Johnson 
noise level is 6. 4 9 nA and the bas e line current from the sub s trate solution is 32.9 nA. If 
we set th e noise l e vel to be th e sum of these two curr e nts then we assume the noise to be 
4 0 nA. This is a very con s ervative as s umption s in ce the non - Faradic, background current 
(due to the substrate solution) can be dramatically reduced by the self assembly mon olay er 
modification and optimization of the physical propertie s of the solution. 

Assumption number one : Noise lev e l is fixed at 4 0 nA 




Baseline current 



Thermal noise 



Figure 15, Sources of background noise: thermal noise through S i substrat e and l e akage 
current through el e ctrolyt e 

S igna l limit 

The signal current must be higher than the noise level in order to be distinguishable. 
Co n se qu ently, the min i mum signal current mu s t be 50 nA. — Assuming each target 
macromolecule can be captured and immobilized onto th e se n sor surf ace without lo s s, — the 
output current would be determined by HRFs turnove r number, which is dominat e d by 
diff u s i o n control of TMB. 

Assumption number two : Hybridization e ffici e ncy is 100% 
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The reaction rat e constants of th e e nzymatic r e action ar e e xtr e mely fast compar e d to mass 
diffusion, so k ^rk* ks >y " k s . Th e turnov e r numb e r is ultimately d e t e rmin e d by th e time 
it takes for the oxidized form of TMB to diffuse from the e lectroactive sit e of the HRP to 



the working electrode. 



Use Einstein's formula for the diffusion coefficient of a s ubstanc e, in term s of the radius of 
the di ff u sing particles or molecules and other known parameters: 



*— ^ w 

6nNvr 



R - gas constant (8 in SI units) 

r~ absolute temperature (300 K for room temperature) 
7T -3,14159 

N - number of molecules in a mole (6x10^ ) 

v — viscosity of the s olvent ( 0.001 for water in S I units) 

r ~ radius of the particle or molecule (in meter) 



The diffusion co effic i ent is inversely p r oportiona l t o the ra dius o f a particle, or the cube 
root of the volume. — T h u s, if the ma s s of one s pheri cal particle is 8 fold greater than 
an oth er , it s diffusio n coefficient is only 2 fold smaller. The molecular weight of TMB is 
about 2 4 0; and if w e assum e it is sph e rical with a radius of 1 A. by substitution of thes e 
values into e quation (6), th e diffusion coeffici e nt (D) is calculat e d as 2.12x10 -m"/seer 

Now if we examine the structure of the hybrid that the HRP is loaded onto, the di s tance 
-from HRP to th e sensor surface is about 322 A. — It would take TMB 9.66x1 0 " 6 second to 
get to the surface, ther e fore the turno v er nu mb e r is 1 .0 4 x10 % — T h i s m e ans t hat ea ch hybrid 
immobilized o n to th e sensor will generate 10. 4 x 10 4 electron s per second. 

Each hybrid can contribute 10. 4 xl0 4 electrons per sec o nd, which is equal to 1.66x1 0 " 14 
amper e s (C/sec), — In order to r e ach th e minimum curr e nt limit of 50nA, 3.02E6 hybrids ar e 
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n ee d e d. — Cons e qu e ntly, the s e iiGitivity is 3.02x10 "* molecul e s or 5 atto mole. — The 
minimum d e t e ctabl e numb e r of mol e cul e s d e riv e d from this approximation match e s the 
latest sensitivity check results in this r e s e arch. 
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Signal Enzyme - 
horseradish peroxidase 
(conjugated to Anti-fluorescein) 

Detector ssDNA 
(conjugated to fluorescein) 
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259A 



Capture ssDNA 



(conjugated to biotin) 




40A 




Streptavidin 



TT»m 
Au working electrode 



Figure 16. Distance b etween H RP and el e ctrode is the dimensiorv of the hybrid 



Diffus i on constan t d eriv ation 



To investigate the diffusion limited effect, it is first necessary to mea s ure the diffus i on 
constant. — Here, we u s e chron o am p erometry and the Cottrell equation to measure the 
diffusion c onst a n t of Ka F e(CN) ^ — We then can calcula te the diffusion constant of the 
o xi dized form of TMB. 



In this pl ot, the x - ax i s is 5 0 ^ e equati o n for the slope can be derived from (1 7) and 

expre s sed as: 
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Where, slope - 7.99E " 6 - 1 * 96 ,4 8 5 * 0 .0706 * 2E -6 r ( D ! 3.1 1 1 59 ) 




0 0.3 0.6 0.9 1.2 1.5 1.8 2.1 2A 

l/SqH(time/sec) 



Figur e 17.Cottr e l plot of K^Fe(CN) ^ using DNA detector chip 



With a sensor area - 0.1 5 cm * 0.1 5 cm x 7t , [K^Fe(CN)<J 2mM - 2E ~^ mole/cm " ,we can 
get solve ( 7) f o r t he d i ffusion constant: D - 1.08E ^em 3 sec. fo r p otassium ferr ic yan i dc. 

This is very close to th e publish e d value of O^SE ^-enr /s c c, (E.L. Cu s sler 1997). We can 
thu s conclude that — th e electrochemical DNA d e tector is accurat e e nough to conduct 
analytical m e asur e m e nt. — We can also us e the microarray chip to m e asur e th e diffusion 
constant of TMB. 
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It is a som e what complicat e d when using TMB, sinc e it is th e oxidized form of TMB that 
reacts with th e biased electrod e and diffus e s away from th e e l e ctrod e to react with 
compound s 1 & II. In order to make certain most species in the solution are the oxidized 
form of TMB, an excess amount of HRP is added into the bulk TMB/H 2Q2 solution and 
allowed to sit overnight. — This p r ovides suf ficient time for the peroxidase and peroxide to 
oxidize al l the TMB. We can then take the Cottre l pl o t on the oxidized TMB solution. 



g 0 4 — • — * — 1 — 1 — 1 — 1 — * — * — * — ■ — » * * * 1 * * i * 1 i * 

7 0- 

6.0 : ; 




0 0.3 0.6 0.9 1.2 1.5 1.8 2.1 24 

l/Sqrt(tiitie/sec) 

Figure l S.Cottrol plot of oxidized TMB using DNA detector chip 



309005876.P002 



bA-W3393rt 



26 4 / 0 29 125 

Patent 

By substituting th e slop e into e quation (7) with [TMB] ~ 200uM, w e g e t th e diffusion 
constant of TMB ^ X . to b e 6.7E " 6 -em" /s e c ? which is slightly less than our assumption in 
chapter three. This technique, how e ver, can b e crosscheck e d with oth e r el e ctroanalytical 
m e thods. 
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& — Di ffu si on m o de l w i th optimizing g e ometrical de s ign 



The geometrical design of the working electrode used in this work is a typical planar cell. 
The simplicity of the design would help the characterization of the detector but would not 
benefit the sensitivity. Applications of the lithography technology to the construction of 
microclectrodes for amperometric detection have resulte d i n th e product i on of uniform 
electrode array at micro-s cale, expanding new horizon s for electr o ch e mical sensing. 
Although reducing the electrode size would decrease the measured current, it also results in 
an incr e ased signal to nois e ratio du e to th e ph e nomena of nonlin e ar diffusion which is the 
dominant mode of mas s transport to the microel e ctrod e . Th e curr e nt is proportional to the 
concentration of the analyte in the solution, as descr i bed in the Cottrell equation, with the 
addition of a correction term due to the nonlinear diffusion, after Bard and Faulkner (Brad 
et aL 1 980 ): 



-i-=~nFA-&G 



where, ;i - number of electrons appearing in half reaction for the redox couple 
F~ Faraday's con s tant (96, 4 85 CVmol) 

A — electrode area (enr ) 

D - analyte' s diffusion coefficient (c m ^/ sec .) 
C ~~ concentration of analyte (m o l e/L) 

7t - 3.1 1 1 59 

/ ~ time the current was measured (sec.) 

r ~ radiu s of circular worki ng e lectrod e (cm) 

T he first term i s proportional to the electrod e surface area and decays to zero at time — 
wh e r e as th e se cond t e rm is inv e rse proportional to th e e l e ctrode radius and r e presents a 
steady state current due to a constant flux of material to the surface. As the radius is 
decreased and the ratio of the second term to the first becomes larger, resulting in a 
d ecreased current m ag nit u d e with an increased signal t o noise ratio. 
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Figur e 19, Contribution of both terms to total curr e nt bas e d on curr e nt d e sign of working 
el e ctrod e ( r - 0.16 cm, D - 6.7E 6 cm2/s e c ? [TMB] - 200uM ) 



W e take the amp e rometric measurement at the time of time of twenty seconds after 
applying the bias p o tential . As show n in Figur e 19, it is right at the transient point. This 
adds a potential of fluctuations to th e a cc ura cy of the outp ut c urrent, s i nce both terms are 
sensitive to different factors. As discuss e d in th e chapter two, the baseline current from the 
solution dominat e th e noise current in a flux form to the electrode and it has th e same 
g e om e trical d e p e nd e nc e with th e first t e rm of e quation (8). — Shrinking the radius of 
working e l e ctrod e would d e cr e ase both nois e current and th e first t e rm of the equation (8) 
at the same fashion. But the second term would catch up pretty quick and a steady state 
curr e nt can be reached after one second, Figure 20. 



3Q9005876.P002 



26 4 /029 128 
— Patent 



1.00E+01 
1 .00E+00 
1.00E-01 
£ 1.00E-02 
J 1.00E-03 
| 1 .00E-04 
-4-£GE-05- 




1 .00E-06 
1 .00E-07 
1 .00E-08 









r^; — 







1.E-12 1.E-09 1.E-0B 1.E-03 1.E+00 1.E+03 1.E+06 

Time (sec) 



Total current First term Second term 



Figure 20. Contributi on of bo th terms to t o tal current based on prposed desi gn of working 
e lectrod e ( r - 200 pirn D - 6.7E 6 cm2/o o c, [TMB] - 200uM ) 



To deduce th e e quation (8) to a simply form, a dim e nsionl e ss tim e param e t e r r is 
introduced for diff e rent time scale (Shoup et al.. 1980); 



ADt 



Equati on (8) can be simplified to equation (10) to (12). 
i-=4nrFDG- ( r»l ) 



( T«l ) 
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/ - AnrFDC + nFACJ— (0.01 < r< 100) ^3) 

V 7tt 



M i croelectrodcs are easy to const r uct; nevertheless, they do not present a uniform flux over 
their surface since the rate of diffusion to the ed ge is al ways higher than to the center. The 
edge effects become more important and dominate the response of very small electrode 
even at t i mes of one second or le s s. However, when / » r ~ 7 D ( or r » V). the shape of 
the e lectrod e b eco m es ir rel ev an t. 

A schematic drawing of th e concentration di s tribut i on is shown in Figure 21. Usually, the 
enzyme layer is relatively thin and can be neglected and the diffusion thickness depends on 
the bilk concentration and the diffusion coefficient of the analyte. This is based on the 
dimension diffusion process witho u t considering the edge effect. In figur e 22, the effect of 

f1i/r» rliiT i/anc i An rv P flir* f>If>p , .t..r/AfTlii5—- i. e .- i:1/aiiir\n gf r^'i f f^/i i t i t h p f rvrrn rvr ry ^nrr^ n l rnf i c\rx /i ict Til^ritinn 

ITiv vll I TTwl rolvJ t vj l IMC C lC VTT T \y CI V 13 V, 1 1 I \s i I it 1 1 tl LV^Xj m I tTC IT/ 1 Tn V/ I IvCri HO tIV7M U I o 1 1 I tT trl, I \Jl I . 

W/ln.giti „..f,l,i,fa.„.,/ j , i ,.fiiTi p' tr ^ r r v f* Wn TMrl^iLKi. ty rO^r't i r ^/t r* i c f li^ or^ t t~\ thr* n i rr ii< ?i r\iri ,,,,f;l^ir t 1rn t^ t ^c t nfi n t rif* 

TTTTvt] If It tt ICTt ITt/Tfc/J V7 I VtlXy WXJl "tVI "I T*J fc-'lt-CuUUC rO V7I V7ot tV7 U IV U t I LtlOl V/t I II It V/tVt I ^OSj tTTCtl tTTC 

l a teral di ffusion from the edge would change the diffusion mod el si gnifican tl y. 
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Figure 21 .Concentration distribution along the normal direction of the electrode 
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Figure 22 .Conc e ntration distribution of (a) planar electrod e (b) micro e lectrode 
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Chapter 10 ANALYTICAL ELECTROCHEMISTRY 

Th e major diff e r e nce b e tw ee n th e DNA s e nsor discuss e d in this pap e r, and th e DNA 
microarrays pr e s e ntly availabl e on th e market, is th e d e t e ction mechanism applied. — 
on chip sensor is based on an enzymatic reaction and electrochemical detection, while 
other s rely mainly on off chip optical detection with i maging processing. — A number of 
analytic al te c hniques were used in the chara cteriz ati o n of our DNA sensor and detection 
scheme. — The sensor was first develop ed at U C LA in 1998 o n a sili con wafer using 
standard MEMS fabrication proce s sing. Since no literature was found on the fabrication 
and characterization of a com pl et e, e l e ctrochemical cell con s ist ing of a worki ng, auxiliary 
and r e f e r e nc e — electrode, a thorough inv e stigation on th e analytical functionality of our 
sensor was critical for further application in quantitativ e measurement. 

In thi s chapter, we initially use a well studied, inorganic compound with standard 
e l ectroch e mical — a n a lys i s — t ool s t e — demonstrate — the — f un ction al ity, — s tability — ami 
r ep roduc ibility of the sensor. — The limitat io ns of t h e p r e sent, electrochemical biosensor 
design are also addressed. This sam e sen s or is used to study the kinetics of the enzymatic 
reaction as applied to the detection pr o t oco l. All of the experimental result presented in 
this pap e r wer e tak e n using th e MEMS based, e l e ctroch e mical s e nsor fabricat e d at th e 
UCLAnanolab facility. 

In order to derive a quantitat i ve correlation between the current readout and the 
concentration — of — the — analyte, — detailed — des cri ption — of — cyclic — vol tarn metry — m4 
chronoamperometry are — s ummar ized — in the following par a gra phs and a series of 
electroanalyt ic al vali dations were performed based on the s e techn i ques. 
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4^ — Cyclic Voltamme tr y 

Cyclic Voltammetry (CV) is on e of th e most v e rsatil e , analytical techniqu e s used in the 
study of e lectroactiv e sp e cies and the charact e rization of bios e nsors. It is widely used as 
both an industrial and academic research tool in th e fundamental characterization of 
elec t rochem i cal s yst em s . — In cyclic voltamm e try, the potential is ramped from an initial 
potential (E e ) to a maximu m p o ten tial (E ffl ) at a fixed sweep rate (V/sec.). F i gur e 23 

illustrates this concept. Repeated cycles of r e duction and oxidation of the analyt e generate 
alt e rnating anodic and cathodic currents in and out of the working e lectrod e , — Sinc e th e 
s olution i s not stirr e d, diffusion e ff e cts are observ e d at diff e r e nt analyt e concentrations and 
different scan rates. 




Time 



Figure 23, Cyclic voltammetry scans potential over time 

Separation of the anodic (i^ ,) and c athodic (7 , ^) current peaks can be u sed to predict the 
n umber of electron s involved in the redox reaction. — The peak current is also directly 
proportional to the analyt e concentration, C and s c an r at e, v. — Experim e ntal results ar e 
u s ually plott e d as current ver s us pot e ntial, s imilar to the graph s hown in Figur e 2 4 . 
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Figure 2 4 . Typical cyclic voltamm e try (one cycl e ) tak e n by DNA s e nsor on K^Fc(CN) ^ 

In this CV scan, the potential is graphed along the x axis with more positive (or oxidizing) 
pot en t ials plotted to the right an d mo r e n e gative (o r reducing) potentials to the left. The 
current is plotted on th e y - ax is w i th cathodic (i.e., re ducing) currents plotted down along 
the negative direction, and anodic (i.e. oxidizing) currents plotted in the positive direction. 

R e dox r e act ion of p otassiu m fe rricynnid e 

Th e analyte used in the fo l lowing control experim e nt was potassium ferricyanide, 
fes Fe(CN) 6 (329.26 g/mol), which contains an iron atom in the +3 oxidation stat e (Fe ^j-m 
a buffer solution of potassium nitrate. KNO a (1 0 1.1 1 g /m o l) . At t he surface of a w o r k ing 
electrode, a s ingle electron can be added to the ferricyanide anion. This w i ll cause it to be 
reduced to the ferricyanide anion, Fe u (CN) ( > 4 " > which contain s an iron atom in the +2 
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oxidation state (Fe % — This simpl e , one e l e ctron e xchang e betw ee n th e analyt e and the 
e l e ctrode is a well behav e d, reversibl e reaction. This means that th e analyt e can b e e asily 
reduced to Fe u (GNV*" and th e n easily oxidized back to Fe w (GN)/~T 



A red o x c ou p le is a pair of analytes differing only in ox i d at i o n state. The electrochemical 
half reaction for the Fe ]il (CN) /"^-Fe u (CN)6 4 " redox couple can be w ritten as follows: 
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Figure 25. Cyclic Voltammetry at d i fferent scan rate (taken by electrochemical DNA 



The voltammogram in F i gure 25 exhi bits tw o asymmetric peak s, one cathodic ( /^) and the 
other anodic (ip ah — Using a s tandard r e ferenc e electrode, such as th e normal hydrogen 
electrode (NHE) ? th e formal potential associated with this half reaction is near +35S mV. 
If th e working e l e ctrode is h e ld at a pot e ntial mor e po s itive than +400 mV, th e n th e 

analyte tends to b e o x i dized to the -Fe^GN-y^~ form. — This oxidation at the working 

el e ctrode caus e s e l e ctrons to go into th e e l e ctrod e from th e solution resulting in an anodic 
current. — At potentials more negative than +400 mV, th e analyte tends to be reduc e d to 
-FgZ^(€A^)-i-. reducti o n at the working electrode caus e s e lectrons to flow out of the 

electrode into the solution resulting in a cathodic current. — Our sensor design does not 
uti li z e a standard reference electrode like NHE. s ilver/silver chloride (Ag/AgCI) or 
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saturated calomel e l e ctrod e (SCE). Sinc e all thr e e e lectrod e s are in our d e sign are Au, the 
rest (unbias e d) pot e ntial in our exp e riment is clos e to z e ro volts. 



Randl cs- Sevcik equation 



The important parameters of a cyclic voltammogram arc the magnitudes of the cathodic 
and anodic peak current s (/^ and i pa , respectively) and the potentials at which th e s e 
currents are obs e rv e d (E ^ and E pa , r e spectively). Using these parameters, it is pos s ible to 
calculat e th e formal r e duction pot e ntial {E 0 — which is cent e r e d b e tw ee n E p ti and E pe ) and 
the numb e r of e l e ctrons (») transf e iT e d in the charg e transfer r e action. 

The peak current (i^ -e^-i^ ) can b e expressed by the Randies Sevcik equation: 



~T7^074463nFXC 



I 



RT 



where, n ~ number of e l ectrons appearing in half reaction for tlie redox couple 
f ~ Faraday's constant (96 ,1 85 CJ mol) 

A ~ electrode area (cm 2 ) 
— — v ~ rat e at which the pot e ntial is swept (V/sec) 

D - analyt o ' s diffu sion coefficient (cm ^/see) 

R ~ universal ga s constant (8.3 1 4 J / mol K) 

T~ absolute t e mp e ratur e (K) 

At 25°C : the Randies Sevcik equation can be reduced to the following: 

V=^^^7^>«^v^^G (45) 

wh e r e t he constant has units (i.e.. 2.687x1 Or C mol 4 -V"^): 



Th e Rand i es S e vcik equa tio n predicts that the peak curr e nt s hould be proportional to th e 
square root of the sw e ep rate when voltammograms are taken at different scan rates. As 
shown in Figure 26, th e plot of p e ak curr e nt versus the square root of swe e p rat e yields a 
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straight line. Th e Randi e s Sevcilc e quation can be modified to giv e an e xpr e ssion for tho 
slop e of this straight lin e as follows. 




Square root of scan rate (V/sec)1/2 



Figure 26. Scan rate dependen ce of pea k current (tak e n, by DNA sensor on K^FafCN) ^) 

Th e scan rate d e p e nd e nc e of the p e ak pot e ntials and p e ak, curr e nts are used to e valuat e th e 
number of electrons participating in the redox reaction as well as provide a qualitative 
account of the degree of reversibility in the overall reaction. — The number of electrons 
tr an s ferred in the electrode reaction (n) for a reversible redox couple is determined from 
the separation between the peak potentials (AEp Epa — Epe). — For a simple, reversible 
(fast) redox couple, the ratio of the anodic and cathodi c pe ak cu rrents should be equal to 
one: — Our results slightly deviate from unity, however , l arge deviati ons would indicate 
int e rfering chemical react i ons coupled to the electrode processes. Slight deviations from 
uni t y mer e ly suggest a non - ideal s y s tem. Figure 27 shows th e CV scan for 12 cons e cutiv e 
cycles with minor d e viations from th e first cycle. These results clearly indicate a highly 
r e versibl e systems and robust c e ll d e sign. 
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Figure 27.1 2 c on s ecutive CV scan 

3r. — C h r o n o a m p c r o me try 

Anoth e r useful e lectroanalytical t e chniqu e is called chronoamp e rom e try. This techniqu e 
involves stepping the bias potential at the work i ng electrode from an initial potential to a 
final potential and holding that potential while the current is recorded at the electrode. 
These potentials arc c h o sen so that they bracket the formal potential. £> o f the analyte^A^ 
the initial po t entia l, no significant current flows. Once th e potential is s t ep ped to the final 
poten t ial , the analyte is consumed at the electrod e s urface via oxidation or reduction 
(depending on the direction of the step). — This depletes the concentration of the analyte 
n e ar th e ele ctrod e . Th e curr e nt r e spons e is thus a rapid incr e as e followed by a decay as the 
analyt e is deplet e d and e quilibrium is r e ach e d. 

The analysis of chronoamp e rometry data is based on the Cottrell equation, which defines 
the curren t time depe nd e nce for linear diffusion control. — In chron o a mpero m e tr y ( p i * 
ampcrometry), the bias potential at the workin g electro de is pre - conditioned at an initial 
potential and th e n stepped to a fix e d potential at time zero. The s tep usually cros ses the 
formal potential of the analyte. The solution is not stirred so a transi e nt stat e is obtained. 
The initial pot e ntial is chos e n such that no curr e nt flows (a pot e ntial that n e ith e r oxidiz e s 
or r e duc e s th e analyt e ). Th e pot e ntial is th e n s t e pp e d to a pot e ntial that e ither oxidizes or 
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r e duc e s th e analyt e , and a curr e nt b e gins to flow at th e e l e ctrod e , — This potential is 
d e t e rmin e d such that th e bas e line curr e nt g e n e rat e d from e lectrolyte oxidation or reduction 
is minimized. This h e lps yield a better s ignal to noise ratio. Th e current is quite large a t 
first, but it rapidly decays as the analyt e near the electrode is consumed, and a transient 
condition is reached. 

if the point in time when the potential is stepp e d i s taken at time zero, then the Cottrcll 
equation describes how the current, /(/) d e cays as a function of time, t. 




where, n - number of electrons appear in g i n hal f-r eaction for the redox couple 
F ~ Faraday's constant ( 96 ,4 85 C/rnol) 

A - electrode area (cm 3 ) 
C concentration of analyte (mol e /L) 

D analyt e 's diffusion co e fficient (cm^/s e c.) 



7T-3, 11159 



t - lim e (he curr e nt was m e asur e d (s e c.) 
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Figur e 28. Addition of incr e m e ntal conc e ntration, of oxidized form of TMB to th e 
electrochemical DNA sensor 

Although the current decay may appear to be exponent ia l (F i g u r e 28), it actually deea ys as 
the reciprocal of the square root of time. — This dependence on the square root of time 
refl e cts t he fact that physical diffusion is r e sponsible for transp o rt of the analyte to the 
electrode surface, — Th e e xp e rim e ntal data is usually plott e d a s i(f) vs. f 4 ^ , yi e lding a 
straight lin e graph called a Cottr e ll plot. — In addition to b e ing us e d to d e t e rmin e 
concentration, the Cottrell plot is also commonly used to determine the work i ng electrode 
area or an analyte" s diffusion coefficient. 

^ — El e ctrod e Polarization 

Polarization occur s in an electrolytic c e ll wh e n a po tential i s applied betwe e n th e work in g 
and auxiliary e l e ctrod e until a r e dox r e action is forc e d to occur. — At th e anod e , th e 
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e lectrod e pot e ntial is low enough to "pulF electrons from th e analyt e (oxidation occur s ) 
whil e at the cathod e , the pot e ntial is high enough to "forc e " th e solution to acc e pt e lectrons 
(reduction). The working electrode can either be the anode or cathode depending on th e 
bias potential app l ied. If the redox reaction kin e tics are infinit e ly fast;, then th e slope of the 
/ vs. E plot would be determined by the s olution resi s tance. 

In Figur e 29, the current passing through an electrolytic cell, with an infinitely fast redox 
reaction, is controlled by the solution resistance. — Little current flows until the redox 
r e action b e gins, and th e n th e curr e nt incr e as es with a slop e of 1/U ^u^- — In fact, the 
curr e nt will b e controll e d by th e ral e of th e r e dox reaction at one (or p e rhaps both) of the 
electrodes. — As a higher larger polarization is applied to the cell, the current reaches a 
maximum value at which the reaction is at a maximum. The potential, above which the 
current th roug h an e l ectr o ch emical cell is limited by the rate of the redox reaction at one of 
the el ect rodes, is called the p ol a rizatio n p ote ntial. Voltammetry i s based on m e asuring the 
current limited by the rate of a nalyte re action at an electrode. 
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Figure 29.El e ctrod e polarization of F e w (CN) <T~ on e l e ctroch e mical DNA s e nsor 

4-. — Diffusion constant derivation 

To investigate the diffu s ion limited effect; first we n e e d to m e asure the diffusion constant. 
Here, w e will use chronoamperometry and Cottrell equation to measure the diffusion 
constant of K.>Fe(CN) 6 first and then se c can we get th e diffusion constant of the oxidized 
form of TMB. Cause it's the diffusion process of TMB moving between HRP and TMB 
limits the r e action constant, th e r e for e the turnover numb e r. 

In this plot, the x axis is one over square root of the time, so the equation for the slope can 
be derived from ( 17 ) a n d expres se d as: 

Sl ope -n FA C(D/n) A * TO 

Whore, slope - 7.99E 6 - 1 * 96 1 S5 * 0.0706 * 2E 6 * ( D ! 3.1 4 1 59 

( S e nsor area ~ 0 .15 cm * 0. 15 cm *7t , [K.vFc(CN) 0 ] ~ 2mM - 2E 6 mole/cm 3 -) 
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Figure 30.Cottrel plot of K^Fe(CN) 6 using DNA detector chip 



Then we can get the diffusion constant: 

D~ L08E 6 cm " /sec for potassium f e rricyanide 

This is very close to the one published by the literature (0.98E 5 an 2 / sec by E.L. Cussler 
1997). This means the electrochem i cal DN A detect o r is accurate enough to conduct 
analytical measurement and also we could use th e microarray chip to measure the diffu s ion 
con s tant of TMB. 



It i s a littl e bit complicat e with TMB since it's th e oxidized form of TMB would react with 
th e bia se d e l e ctrod e and then diffus e away from th e electrod e to r e act with compound I & 
It. In order to make sure most species in the solution are oxidized form of TMB, excess 
amount of HRP is added into bulk TMB/H202 solution and sit for overnight let the 
peroxidase and peroxide have enough time to oxidize all the TMB. Then take the Cottrel 
p lo t o n o xi d i z e d T MB s olut io n. 
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Figure 31.G ottrel plo t of K^ Fe(CN) 

Substitut e th e slop e into equation (12) with [TMB] - 200uM, th e n we can g e t th e diffusion 
constant of TMB^ is 6.7E 6 cnT/sec, which i s a little bit less than our assumpt i on in 
chapter three. But there is a uncertainty of the accuracy of TMB solution. This technique 
can be cross checked with other elcctroanalyt i ca l m eth o ds . 
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Chapter 1 1 DNA chip charact e rization 

4-. — C ha r act e rization of S e lf - As se mb le d Monolay e rs 

Th e p e r formance of t he * d et ector depends heavily on ihe properties of the immobilized strept avi din m onolayer. We p e rformed SPR 

t — rx — :r> )"t~ t. ti-tfr-Trrfctrtti — I II I./l 'yitl; Ulc l.ML'tt ti o; \i:Vl — VtO b vltrjj\.'.5 Itcti ^:iit^t* fC - l;nJrC . A t! 1 1 1 ! pi* lit? I tnf 1' i j LiTTt?trrrt'Ct.i vClUl C I ( r tt IC o 1 t\ 

e xperiments. For best retinitis new chips were cleaned with d i lut e d Pir anha sol u tion for ■ 2 m i n. before per fomirng SPR with bare Au or 

depositing^iu^biofin^vA-Vi^ 

adserptien-experiHiems-with^ 



ranged from 5 to 10 ml-'min. in the adsorp tio n e xp e riments, 25 ml of the following solutions were flowed s equ e ntially t hrough t h e 
^anfieis^t^^TjlAwr.^UMal 



ensure a flat Au surface, the met h od of Wagner, et al. (1 995) was us ed whe rein Au was 
first deposited via e beam evaporation on mica and then tran sf err e d to Si. In our cas e , the 
mica was cleav e d to cl e anly remov e it from th e Au without th e us e of a solv e nt. 

Streptavidin S e lf Ass e mbl e d Mono l ayers for rRNA Captur e 

We used three diff erent app roachesto immobilize a s trept avidin mo n ola y er o n the electrode 
surface , as sho wn in Figure 2. — In the first approa ch , a st r eptavi d in monolayer was 
deposited on bare Au via prot ein a d sor ption. In the second approach, a SAM of bio t in was 
deposite d on the Au u s ing a biotinylated thiol an d st r eptavidin w r as subsequently bound to 
th e biotin. — In th e third approach, a SAM of biotin was d e posit e d on th e Au using a 
biotinylat e d di s ulfide and streptavidin was subs e qu e ntly bound to th e biotin. 

C haract eri zati o n o f Streptavidin Monolay e rs 
2Q9005876.P002 
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Th e str e ptavidin monolay e rs were charact e rized using both SPR and AFM. SPR has b oo n 
d e monstrat e d to b e a viable t e chniqu e for monitoring int e ractions of mol e cul e s with 
metallic (Au, Ag) thin films at th e s olution m e tal interfac e . This technique can b e us e d to 
estimate the thickness of a deposited layer a s well as to measure th e kinetics of association 
and dissociation (Hau s sling, et ah, 1991, Sp i nke, ct aL 1993, Sigal, et al., 1996, Rao, ct al., 
1999, Jung, et al., 1999). We performed SPR to m oni t o r deposition of streptavidin on Au 
using all three approach e s. SPR results ar e sh o wn in Figure 19, Based on calibrations by 
the manufacturer ( Biacore), 1000 resonance units (RU) in the SPR s ignal is equivalent to a 
change of - 1 ng/mnr in surface prot e in conc e ntration. Streptavidin ha s dimensions of - 55 
x 4 5 x 50 A (Darst et al., 1991). A full monolayer of str e ptavidin has an exp e ct e d d e nsity 
of - 2.S ng/mm " ,based on a 2 dimensional crystalline monolayer (Jung, et ah, 1999, Darst; 
et al. : 1991). 

4DD0 T 1 




Figure 32. S u rf ace plasmon resonance result of protein depo s ition 



From the data presented in Figur e 32, it was - deter m i ned that e s sentially a complete 
monolay e r of streptavidin was deposited on the biotinylated thiol SAM/Au (- 3000 RU), 
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■ 80% cov e rag e was obtain e d with str e ptavidin deposit e d on bar e Au ( ■ 2 4 00 RU), and 

■ 52% coverag e was obtained with str e ptavidin deposit e d on th e biotinylat e d disulfide 
SAM/Au ( - 1550 RU). For the biotinylated disulfide, the presenc e of mercaptopropanol in 
the solution had a negligible e ffect on surface cov e rage as th e SPR signal increased only 
- 10% 1700 RIL data not shown). — In all cases, additional protein deposition upon a 
second injection of protein solution was min i mal. — Moreover, flow rates had negligible 
e ffects on the rate or amount of protein deposited. The SPR results indicate that, in all 
three approaches, only a monolayer of streptavidin, and not multilayers, was deposited on 
the Au. — Finally, th e s e r e sults e stablish that most of th e str e ptavidin biotin binding and 
str e ptavidin adsorption on bare Au occurs within s e conds and can b e completed on th e 
order of minutes. 

We performed experiments to determine wh e ther streptavidin can be des o rbed, i.e. whether 
streptavidin can be dissociated from the bare Au or f r om bi nding to biotin to regen erated 
s urface. Tab le I l ist s the l os s in SPR si-gea4-fRU) after tr eat me n t wit h variou s reagents that 
are known t o disso ciate pr o t e i.n - li.gand binding an d/o r d en ature proteins. A s s e en in Table 
I, only 8M ur e a, 0.5% SDS, and 0.1M NaOH wer e som e what eff e ctive in d es orbing 
streptavidin from th e surface. — 1.0M KC1, 0.1M HC1, and 4 0% fonnamid e w e r e not 
effecti ve. Streptav i din could not be completely desorbed by any of the reagents, and some 
protein remained after subjecting th e surface to all reagents. — These results show that 
streptavidin has excellent binding to both the biotin SAM as well as to bar e Au an d that the 
streptavidin monolayers were relatively stable. 





Streptavidin on Bare Au 


Streptavidin on biotin-DAD-Cl 2-SH/Au 


Streptavidin on biotin- HPDP/Au 


Treatment 


-2400 RU deposited 


—3000 RU deposited 


-1700 RU deposited 


Condition 


Loss in Signal (RU) 


Loss in Signal (RU) 


Loss in Signal (RU) 


1.0MKC1 


0 


0 


0 


0 


0 


0 


8M Urea 


280(12%) 


370(15%) 


790 (26%) 


1050 (35%) 


360(21%) 


300(18%) 


0.5% SDS 


40 (2%) 


150(6%) 


390(13%) 


230 (8%) 


330(19%) 


690 (40%) 


0.1MHC1 


0 


0 


0 


0 


0 


0 


O.lMNaOH 


400(17%) 


550 (23%) 


630(21%) 


690 (23%) 


400 (24%) 


200(12%) 


40% 


0 


0 


0 


0 


0 


0 


Formarnide 















Tabl e 1 



Compari s on of various reagents for the 
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desorption of str e ptavidin from surfac e 
as det e rmin e d by surfac e plasmon r e sonanc e 

The use of AFM enables us to further characterize the s urface by imaging streptavidin 
directly a dsorbed o n bare Au. Bare Au had topographic features <10 A. whereas protein 
islands on a "partial" monolayer was - 4 5 A, consistent with th e dimensions of streptavidin 
(Figure 20). — Th e ARM result s confirm the SPR findings that only one monolayer was 
d e posit e d on the An. AFM in the contact mod e for a "full" prot e in monolay e r showed a 
f e atur e l e ss surface with evidenc e of prot e in dragging (data not s hown), and therefore, did 
not provide any additional information as to surface coverage. — As previously reported, 
monolayer deposition is al s o obtained when u s ing biotinylated SAM's and subsequently 
binding streptavidin (Spinkc, et. AL 1993, Jun g, ct . AL 1 999 ) . 




Figure 33. AFM of SAM formation on Au. (a) bar e Au only (b) full cov e rag e with prot e in 
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dragging (c) partial cov e rag e with prot e in island s 
El e ctrochemical Measur e m e nts with MEMS Det e ctor Array 

In our MEMS detector airay, we used a three - electrode systemwith Au for all three 
el e ctrodes, i. e . working, auxiliary, and r e f e renc e e lectrodes. — Typically, Ag/AgCl or 
saturate d calomel electrode (SCE) is used as the reference electrode so that a reliable 
referenc e point is establish e d. — This e nabl e s r e v e rsibl e oxidation/r e duction at a fixed 
pot e ntial to occurs at th e working electrod e . — In our MEMS d e t e ctor array, however, we 
used Au as the reference electrode to simplify fabrication and to permit a fully reusable 
array. Maintaining a constant potential is made possible by the use of a 3 electrode syst e m 
( v s. a 2 - e lec t rode system). In our part icul a r a pp lic a tion where the reduction o f TMB was 
monit ored. Au can -b^-sii c c css f uU y u sed a s the refe rence el e ctrode beca use a low voltage 
difference ( 0. 1 V) was maintained for short periods of time (<1 min ). 




-0.20 -0:16 -0.12 -0.08 -0.04 0 0.04 0.08 0.12 0.16 0.20 

Potential^ 



Figure 3 4 .Voltammograms with ferrocen e at different scan rate 
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W e charact e riz e d th e Au/Au/Au e l e ctrod e systemfor e l e ctroch e mical det e ction by two 
separat e e xperim e nts. — In th e first e xperim e nt, a f e rrocen e film was plac e d on the 
electrodes and cyclic voltammetry was conducted to monitor the redox reactions. Cyclic 
voltammetry for a classic, reversibl e , one electron transfer reaction is characteriz e d by a 
peak separation of - 57 mV between the anodic and cathodic peaks, the same peak currents 
at peak maximum, and a linear relati on sh ip b etween p eak current vs. [sca n rate] 4 ^ 2 (HalK 
1991 ). — Figur e 3 4 s h o w s the voltammogram s obtained with ferroc e ne at different s can 
rates, — As seen in Fig. 25, classical redox behavior was ob s erved and a plot of the peak 
current vs. [scan rat e ] 4 ^ is lin e ar. 

5.0E-04 n 1 




Fi gur e 35. Pe a k c urrent — sca n rate dep e ndence 

I n a sec ond e xper i m en t wi th the Au/Au/Au el e ctrode syst e m, cyclic voltamm e try was 
conducted on the substrat e solution only (FUQa + TMB) and th e n again on th e same 
solution with POD e nzym e . Cycling b e tw ee n — 0.2V to +0.50V. at a scan rat e of 10mV/s. 
th e substrate solution showed th e two e l e ctron r e dox b e havior of TMB (Figure 36). Th e 
addition of POD to the sub s trate so l ution resulted in an increa se in the reduction current. 
A constant pot e ntial of 0.1 0V (vs. reference) was then selected for measur e m e nt of POD 
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e nzymatic activity. — At this potential, th e curr e nt background was near z e ro and no 
substrat e oxidation occurr e d. This pot e ntial w as optimum for d e t e rmining the enzymatic 
activityin which a small amount of product (oxidized TMB) was to be measured in th e 
presence of a highconc e ntration of sub s trat e . 



-8.0- 
-7.0^ 




-0.20 -0.10 0 0.10 0.20 0.30 0.40 0.50 



Potential^ 

Figure 36. CV scan of TMB and POD reaction 



3r. — Di s cussion 

Our results show that combining MEMS technology w i th SAMs, DNA hybridization, and 
e nzymatic amperometry leads to a highly specific and sensitiv e e lectroch e mical detector 
for bact e ria such as E. coli. Th e contribution from e ach compon e nt is critical to th e overall 
s uccess of the system. — MEMS technology enables an array of multipl e , thre e electrode 
"c e lls" to be deposited on a Si wafer. Th e MEMS detector array we hav e described is fully 
reusable as th e S AM s can be removed and the Au surfaces regenerated with appropriate 

cleaning. Moreover, with micromachined channels, valves, pumps and integrated 

e lectronics, one can fully automat e th e sampl e preparation and assay protocol. 
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SAMs provide an e ffective means of functionalizing th e Au working e l e ctrod e to capture 
biomol e cul es . DNA hybridization p e rmits high sp e cificity for pathogenic bacteria as the 
s e qu e nc e of the ssDNA probes can be carefully selected to complement only the target. 
Coupling th e hybridization e vent with an e nzymatic r e action provides signal amplification 

and — enhances — the sensitivity, Finally, by using electroc hemical — transduction, a 

miniatur i zed portable system with minimum power consumption can bo developed. 

Rapid detection and a portable in s trument i s desirable for pathogen sensing. — We have 
d e monstrat e d that detection can be achieved within ■ 40 minutes using this syst e m. Du e to 
the small dim e nsions and small sampl e volum e s, it is possibl e to further reduc e th e assay 
time by reducing the incubation times (10 minutes) currently used for DNA hybr i dization 
and enzyme binding. — A distinct advantage of MEMS is the ability to use very small 
volumes (a few pi) and electrode surface areas (currently 0.13 cm 17 for the working 
elec trode, <0.02 cm " for the auxilia r y an d r eferen c e electrodes). Our res ults show that as 
l ittle as o ne sin g le cell can be detected using this system without pol ymera se chain r e act ion 
(PCR) amplification. Due to the s mall volumes and working electro de surface are a i n the 
MEMS system, reporting th e detection limit in term s of ab s olute cell numbers is more 
appropriat e than r e porting the d e t e ction limit in term s of cell conc e ntration (cells/ml). 
D e t e ction limits on the ord e r of 10 " to 10 * cells/ml hav e b ee n r e port e d, how e v e r, sample 
volumes of - 1.0 ml w i th working e lectrode surface areas ■ ■ lem 3 were typically used 
(Abdel Hamid. et. aL 1998, 1999). In amperometric, enzyme immunofiltration assays, the 
signal was more than an order of magnitude less when using a 0.1 ml sample than when 
using a 1. 0 ml sam p l e (A bdel Hamid, 1999). 

Results from amperom e tric experiments to detect E. coli rRNA. have shown that the 
streptavidin monolayer immobiliz e d via the biotinylated thiol SAM. approach yield e d the 
b e st results. This finding is not surprising as SPR data indicated, th e high e st streptavidin 
surface d e nsity or cov e rag e wh e n using th e biotinylated thiol. — It i s likely that a w e ll 
ordered, SAM is formed only with th e biotinylated thiol, leading to the highest streptavidin 
surface density. In the case of the biotinylat e d disulfide, although attachment of th e biotin 
to the Au surface occurs via the Au S bond, the additional organic group probabl y hinder s 
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the formation of a d e ns e ly pack e d monolayer. — Str e ptavidin immobiliz e d via direct 
adsorption to Au r e sult e d in significantly high e r non sp e cific binding of th e POD e nzyme 
to th e working e lectrode. Prot e in adsorption to Au has been w e ll known as colloidal Au 
particles — attached — fce — variou s — proteins — (erg: — streptavidin, — immunoglobulins) — are 
c o mmer cially av ailable (Nanoprobes, Inc.. Yaphank, NY). Streptavidin does not contain 
cysteine or methionine residues (Weber, ct. al, 1989) a nd there fo r e, does not attach to Au 
via an Au S bond. — Protein adsorption to Au can occur via interaction of carboxylatc 
groups with Au (Ooka, et. aL, 1999) and i s the likely mec han ism for streptavidin - Au 
attachm e nt. — Although a streptavidin monolayer can b e attach e d to Au via direct 
adsorption, wh e th e r se lf ass e mbly or mol e cular ord e ring occurs is qu e stionable. — SP-R 
ad s orption experiments showed the streptavidin Au attachment to be as robust as 
streptavidin biotin binding, i.e. the amount of streptavidin removed due to urea, SDS, and 
NaOH were similar for streptavidin d i- rectly adsorbed on A u a s c o mpar e d to streptavidin 
attached t o bio t in. — Wh en co nducting th e assay protocol for E. col i , however, sample 
solutio n s co n tained oligonucle otides as w e ll as cell debris from the lys e d E. coli. — O ur data 
su ggests tha t t h e p r e s ence o f other prot e ins and b iomolecules accelerated the adsor ptio n of 
str e ptavidin from Au, leading to incr e ased non specific binding of th e enzyme POD to the 
surfac e , 

& — Conclusions 

E. coli bacteria were successfully detected by incorporating MEMS with SAMs, DNA 
hybridization, and enzyme am pl i f icatio n . — We demo n st rated a ME MS based detection 
system that is specific for E. coli and capable of detecting a s i ngle cell without PGR. The 
process time can b e 4 0 minut es o r l e s s . — Moreover , the assa y c an b e conducted with 
solut i on volum e s on the ord e r of a f e w microlit e rs, — Th e int e gration of SAMs, DNA 
hybridization, and e nzym e amplification m e thodologi e s with MEMS t e chnology makes 
possible a new generation of devices for pathogenic detect i on. 

Th i s w ork has s hown exp e rim e ntal ewt j ence o f s uccessful c o upling of nucl e ic acid recognition e v e nt with e lectrochemical 
transducers. Various approaches of noise reduction have been discussed in the * previous sec tio ns , with special attention given to non 
spceilk-hinding-ot-hiom 
a+id-sensitB4iy^o4he^Vl^ 
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prote in conc e ntrot i o nT^eposHie n flow r aier^tibstra te s urf a€e-^en^Hen r 4tdegb^fihefesis-€€tf Urol a rtfHeittfiera&n'e^A^iienal 
improv e ment in the sensitivity hav e be e n achi e v e d by mod i fying th e s e n sor array s tr u ctu re u nd o ver c o min g th e fa b r i cation di ffi cu l ti e s. 

is propo s ed to ac h ie ve on chip amplification with i ncr e as ing the chi p ure a . 



4-. — Futur e work 

relative low comparerf -io c onv e n ti o n a l sens o r '. . The b es t s ens itiv ity can be achiev e d by using o ff chip a mpl i fication, how e ver, this 
senses H^y-densky-is4^^ 

We propose an on chip amplification device, underneath the working electrode, 
which is constitut es t h e large st ar ea of t h e el ectrochemical sens o r cell. — A na lo g u es to the 

curr en t gain bet a P, ranging from 80 150. There are two types of B JTs th at can be 
implemented with an electrochemical cell vertical BJT and horizontal BJT. The length 
of the ba s e re g ion d et er mines t h e current gai n . I n vertic al BJT, this i s a function of the ion 
i mpl e mentation en e rgy and doping conc e ntration; whil e in horizontal BJT, th e l e ngth is a 
function of lithography resolut i on, ion impl e m e ntation angl e and th e rmal diffusion. Thus, 
th e v e rtical BJT is mor e reliabl e in terms of chip to chip or within chip gain uniformity. 
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Figure 37. Schematic drawing of DNA microarray integrated with BJT circuitry 
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Micro Total Analysi s System 2000 Manuscript 
Enzym e- Based E le ctroch e m i ca l B i os e n s or w i th DNA Array Ch i p 

Abs&^aet 

A reusable DNA sensor array for rapid b i ological agent detection has b o on 

fabricat e d on a silicon chip. (Fig. 1) Th e DNA based prob e s target th e DNA/RNA s e qu e nce 
of the analyt e instead of indir e ct probing using antibodies. Th e sensitivity is greatly 
enhanced by combining the hybridization event with a signal enzyme. The formation of the 
self assembled monolayer sensor surface, in situ DNA hybridization, signal measuring and 
th e sensor re g en eration c a n be performed within 40 m i nute s. Even w i thout using the PCR, 
as low as 1000 Escherichia coli (E. co li) cells t hrough 16s rRNA can be detected using this 
seftser-ar ray.(Fig.2) The dkncns 4eH-e£ eac h senser-a rca ranges fr effl-2§-mm* to 160-j*m~T 
K e ywords: Electrochem i cal s ensor, Microolectromechanical system (MEM'S), Self - 
assemb l ed monolayers (SAMs), DNA h ybr id i zation 




Cell number 



Fig. 1 DNA sensor array chip Fig. 2 Sensitivity and specificity check 

1. Introduction 

The enzyme based e l ectrochemical biosensor is primarily motivated by the ne e d for 

a highly sens i tive and selective protocol capable of rapi d m o nitor i ng the concentration o f 
bacteria, virus or various biological species for fi e ld use. Such a protocol w o u ld op er a t e 
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r e motely, and would b e fully automat e d, compact, and robust [1], Therefore th e 
e l e ctroch e mical transduc e r with minimum pow e r consumption and small e r siz e is pr e f e rred 
ov e r the optical syst e m [2]. High specificity can be achi e ved by using DN'A hybridization 
to reduce false positive and fal se negativ e signals. DMA el e ctrochemical biosensors have 

been previously reported [3, 4 ] using graphite or carbon electrodes. Carbon - based 

electrodes, howev e r, are generally not adaptable to MEMS technology when small (<).im) 
dimensions are needed. In this study. An i s used a s electrodes, with a protein self - 
assembled monolayer (SAM) to capture the E. coli rRNA. — An enzyme i s used as a 
biological amplifier in this study to gain the high sensitivity wit h ou t PG R. A sensitivity 
and sp e cificity ch e ck for E. coli MC 4 100 v e rsus Bord e tella SB5 4 i s shown in Fig.2, 

BHRJMs-fr ne of the most widely u se d e nzym e s fo r ana ly ti cal pu rp ose s an d biosensors 

reaction s that ca n-fe e detected electrochcmically. W e^deserike-heFe-a n amp e rom e&4e 
b ios e n s or bas e d on faors e radisfa ^peyexi da se (H R F) with 3,3 ? 5,5' tet rametiiytbe nzidin e 
f TMB) as a mediator. (Fig.3) The electron tran s fer at the electrode surfac e is 
measured aiB pero metricaHy to representee nu m ber of the enzymes immobilized by 



fr\ f lip- m i 
nra1"xU tit \T 81 It 



tre - solution; 




P R : Reduced Peroxidase , P 0 ' Oxidized Peroxidase 
M 0 : Oxidized Mediator , M R : Reduced Peroxidase 

Fig. 3 Electron transport of HRP enzymatic reaction 

3. Experiment al 

A three electrode electrochemical cell i s eonstruete d^m*h- a micro - fa brieate d react ion 
weH-fe^4fae-H^ dng ele etro de (F i g. 4 a). Gold (An) 8 s depos i ted as a cond netin g layer 
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and Sb N4/SiOa as a n isola tion-la yer. (F i g .4 b ) Tfee-snrronn ding Si sntface i s m odifi ed 
t o b e hy droptffibi€r-Tfre-41kree-^^ r e act io n we ll ato ng with th e hydr ophobic 

worki ng e lectr ode^ — This d e sign m inimiz es no n - specific b inding of biomoleculcs to 
othe r areas ol Ptbe— sens o r c hip. Th e An work i ng electrode has a monolayer of 
&trepta¥idin4«Hftobiti z c d on th e swte via a t bietetecM&etfafr-SAM-o^ 
pr o t e i n-adsorption-on to the gold. (Fig. 4 c). — A-^ampie-solntion--eontaim« g E. c oti-is 
treated-^wit h l ysi s ht tffe*y 4h e target P NA/RN A fro m-t he E. coli cell s are hybrid ized 
with b ot h an anchoring s s DNA prob e-a nd a labe lli n g ssPNA probe at annealing 
tem pera t ure (-65^€) i n th e pr esen ce of c e l t-debri s . ( F ig.4d) — The-ane hor i ng pro be 
( conjugat e d to biotin) and th e lab e l hn*^robe-(eonjngated t o flu ore s cei n ) recog n i ze 
tw o dis t i n ct co nser vative se q uence s , th ere for e , th e hybr i d forms only with th e specific 
ge ne s e gment from the target b i o agent. The oligonuc l eic hybrid is th e n immobil ized 
thoro ugh bi e tin s treptavidin binding onto th e working e lectrode an d — unbound 
comp one nts arc washed away. A B RP-l ink c d ant i- fluoresce i n ant ibody is then-loaded 
ont o each hy b rid (Fig. 4 e). After add ition o f s u bs trate, enzy ma ti c re act io n ca nses-a 
curre nt s ignal which is m e asured amperom e trically using—the thr ee e l e ct ro de cel t? 
(Fig. 4 f) Th e entire p r ot ocoi-is co mp lete d in 4 0 rm nntesr 
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Fig. 4 Sensor unit process flow 

4 . Exp e rim e n t al R esu l ts 

^ e SAMs on the DNA sensor wer e charact e riz ed by s u r fac e pl asmo n r e sonanc e 
(&P R) and atomic force iro e roscopy (/\M) to deter mi n e wh e th e r only a monolayer 
was deposited and al s o to determin e th e kinetic s of protein d e po s ition. From tins 
data^-t he time sca le requ i r e d fo r-i n situ s e n sor s urface fo rma tion in the in tegrated 
fluidic syste m-ean- 4>e ascerta i ned. Two d iffer e nt metho d s were used to d e posit th e 
streptavidin SAM , on e us ing a thiolatc d biotin-a nd th e oth e r using di re ct pr otein 
adsorpt i on. In bo th ca se s , SP R data shows that on l y one monolayer was deposit e d o n 
the surfac e (Fig.S). A crystallin e monolay e r of str e ptavidin has an e xp e ct e d surfac e 
cov e rag e of 2.8 n g/mm" | 6|. Q ur res ul ts indicate that a full m on ol ayer w a s ob t a i n e d 
■ using the thiolat o d biotin and - 30% coverage was o bta ined by direct pro tein 
absorption. M o reover, protein binding/a dsor ption occur s within • 10 second s . 
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Fig. 5 Surface Plasmon Resonance of Strep tavi din on Biotin-SH/Au or Bare Au 



Atomic Force Microscopy (A F M) was performed in the contact mode using uto alev e r 
tips-wit h a forc e of 5.0nN. T he Au sub s trate was prepared following tire-me thod of 
Wagner, et al. | 7j. The bare Au has topographic features <10A (F i g.6a) and conta ct 
A FM of a "fa ti " monolayer s howed a smooth surf a ce with evidence of protei n- 
draggi ng ( Fig ,6 b). Tlie h e ight of prot e in is lan d s on a " partial" monolay e r was » 4 5A ? 
ee»sistett t with th e dim ensietts-e f th e str e pta v*d4n--fifetefflT^re- ^ obs e rva tio ns 
confirm the SPR r e sults tha t-e nly one monolay e r w as deposit e d. 







W4" 



Fig. 6 AFM of SAM formation on Au. (a) bare Au only (b) full coverage with protein 
dragging (c) partial coverage with protein islands. 
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5 . C on cl usions 

The combination of MEMS t e chnology with established DMA t e chnology lends to a highly 
sp e c i fic and sensitive detector for pathogenic bacteria. Biological identification using 
electrochemical detection with SAMs was succes s fully in co rporat e d into a silicon wafer 
with a s e nsitivity that can det ect le ss th an 1,000 E. coli cells. 
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ASM'E paper 

OptimiZAtion of DNA microscnsor arrays for biological detection 

Ab s tract 

This p a p er describ es the ch ar a ct eriza tion and optimization of a reusable DNA microscnsor 
array for rapid biological ag e nt d e t e ction d e v e lop e d in pr e vious publications, (Fig. 1 ) [1 3] 
This MEMS ba se d DNA s e n s or utilizes a standard thr ee e l e ctrod e e lectroch e mical cell 
configuration with novel micro fabricated structure d e sign to minimize non sp e cific 
binding. The sensor module is easily to be adapted to various protocols and can be used for 
rapid det ection of m acro m oleculcs (DNA, RNA) fro m target s such as uropathogenic 
Escheric hia coli (E. coli) in urine and micro or ga n is ms c a using o t itis me dia (middle ear 
infection). Less than 1,0 * E. coli cells can be det ected fro m the urine sample of a patient 
wk-h — urine — traet — infection. — The — s e nsiti v it y — is — enhanced — by — appropriat e — sensor 
character izat i on an d s ur face modifi cation. The total detection time including sample 
pr e paration can b e reduc e d to 25 minut es by using a POD conjugat e d oligonucleotid e . 

Introduction 

f Ql 10] Convent i onal electrochemical detection is not quite compatible with MEMS 
technology and fabrication processes due to system requirements and configuration. An 
electrochemical cell mu s t con si st of at least two electrodes (working electrode, reference 
ele c trode) and an electrolyte. — An electrochemi c al electrode i s an i nterfa c e at wh i ch the 
m echanis m of charg e transf e r change s b e tween el ectro n ic tr anspor t and ionic transport. [ 4 ] 
An electrolyte is a med i u m th rough wh ich charge transfer can take place by the movem e nt 
of ions. El e ctroch e mical detection r e quir es a s e cond unvarying potential suppli e d by a 
r e ferenc e e lectrode, forming a half batt e ry. A typical refer e nc e el e ctrode is Ag/AgCl. 
Currently, it is difficult to fabricate this reference electrode on a s i licon substrat e . Most 
MEM'S based electrochemical sensors focu s on micro fabrication of only the working 
electrode. Tins work investigate s the character i st i cs and appl i cation of a MEMS ba s ed 
e l ect r och emical s ens o r on si li co n fabricated by s tandard MEM S p ro ces ses , sensitive E. coli 
detector. DNA electrochemical probes typically use graphite or carbon electrodes. 
Commercial units for amperometric detection of DNA from E. coli using screen-printed 
carbon electrodes on disposable test strips are also available. Screen-printing has the 
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advantage of low cost; however, achieving high dimensional precision is not easy. One 
embodiment of the present invention develops a method of using lithography to accurately 
pattern in fim size dimensions a wide range of materials such as metals (e.g. Au, Ag) and 
carbon. Moreover, utilizing a surface modification, such as self-assembly monolayer 
(SAM) of biotin-DAD-C12-SH dodecanamide, is a preferred method of selectively 
immobilizing molecules on MEMS surfaces. The formation of SAMs on Au, Ag and other 
metals has been well studied, and proteins and other biomolecules can be easily 
immobilized onto surfaces such as Au using SAMs. Amperometric methods using SAMs 
on electrodes have demonstrated the ability to detect target analvtes successfully. 

[0671 In the instant E. coli detection system, one embodiment of the present invention 
identifies and takes advantage of certain benefits inherent in each technology. Using DNA 
hybridization and enzyme amplification, the present invention achieves the required 
specificity and sensitivity. Using MEMS and SAMs, one embodiment of the present 
invention fabricates a miniaturized system that can be developed into a portable 
instrument. Finally, the invention demonstrates that the present detection system is 
a pplicable to a broad range of pathogenic bacteria. For example, the detection module and 
assay protocol can be adapted to detect uropathogenic E. coli and identify microorganisms 
causing otitis media (middle ear infection). 

[0681 The first aspect of the invention relates to detection of various target analvtes, 
especially ionic molecules (e.g. iron, chromium, lead, copper, calcium or potassium) and 
macromolecules (e.g. DNA, RNA or protein), using the principles of electrochemical 
detection. The principles of electrochemical detection require the use of a redox cell and 
an electrochemical reaction in the cell. 

[0691 The redox cell is a device that converts chemical energy into electrical energy or 
vice versa when a chemical reaction occurs in the cell. Typically, the cell consists of three 
electrodes immersed into an aqueous solution (electrolyte) with electrode reactions 
occurring at the electrode-solution surfaces. 

[0701 The cell consists of two electronically conducting phases (e.g., solid or liquid 
metals, semiconductors, etc.) connected by an ionically conducting phase (e.g. aqueous or 
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nonaqueous solution, molten salt, ionicallv conducting solid). As an electrical current 
passes, it changes mode from electronic current to ionic current and back to electronic 
current. These changes of conduction mode are accompanied by reduction-oxidation 
reactions. Each mode changing reaction is called a half-cell. 

[0711 Each electrochemical reaction is reduction-oxidation (redox) reaction that occurs in 
the redox cell. For example, in a spontaneous "chemical reaction" during the oxidation of 
hydrogen by oxygen to water, electrons are passed directly from the hydrogen to the 
oxygen. In contrast, in the spontaneous electrochemical reaction in the redox cell, two 
separate electrode reactions occur substantially simultaneously or in tandem. 

[0721 An important feature of the redox cell is that the simultaneously occurring 
reduction-oxidation reactions are spatially separated. The hydrogen, for example, is 
oxidized at the anode electrode by transferring electrons to the anode electrode and the 
oxygen is reduced at the cathode electrode by accepting electrons from the cathode 
electrode. The overall electrochemical reaction is the sum of the two electrode reactions. 
The ions produced in the electrode reactions, in this case positive hydrogen ions and 
negative hydroxyl ions, will recombine in the solution to form the final product of the 
reaction: water. 

[0731 During this process the electrons are conducted from the anode electrode to the 
cathode electrode through an outside electric circuit where the electronic current can be 
measured. The reaction can also be reversed; water can be decomposed into hydrogen and 
oxygen by the application of electrical power in an electrolytic cell. 

[0741 A three-electrode system of the invention is an electrochemical cell containing a 
working electrode, a counter electrode (or auxiliary electrode), and a reference electrode. 
A current may flow between the working and counter electrodes, while the potential of the 
working electrode is measured against the reference electrode. This setup can be used in 
basic research to investigate the kinetics and mechanism of the electrode reaction occurring 
on the working electrode surface, or in electroanalytical applications. The detection 
module in the preferred embodiment in the instant invention is based of a three-electrode 
system. 
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[0751 The counter electrode is used to make an electrical connection to the electrolyte so 
that a current can be applied to the working electrode. The counter electrode is usually 
made of inert materials (noble metals or carbon/graphite) to avoid its dissolution. It has 
been observed in connection with the present invention that a small feature or small cross- 
section at the counter electrode will heat up the surrounding solution when a large current 
is pulled out from the counter electrode. Bubbles will be generated if the current is 
continuously overflowed, and ultimately dissolution of the electrode occurs. Thus, the 
bubble formation can be avoided by controlling the current and/or the electrode size. In a 
preferred embodiment of the present invention, the width of the counter electrode is large 
enough to avoid this heat up problem even at large current. 

[0761 The reference electrode is used as a reference point against which the potential of 
other electrodes (typically that of the working electrode or measuring electrode) can be 
measured in an electrochemical cell. The few commonly used (and usually commercially 
available) electrode assemblies all have an electrode potential independent of the 
electrolyte used in the cell, such as a silver/silver-chloride electrode, calomel electrode, or 
hydrogen electrode. However, a single layer electrode, such as a single layer of gold 
electrode, can fulfill the requirement for a reference electrode. In addition, other materials 
such as silver, copper, platinum, chromium, aluminum, titanium, nickel may also work as a 
single layer reference electrode under the right conditions. 

[0771 The working electrode plays a central role in the electrochemical biosensors of the 
invention. The reaction occurring at the working electrode may be used to perform an 
electrochemical analysis of the electrolyte solution. It can serve either as an anode or a 
cathode, depending on the applied polarity. One of the electrodes in some "classical two- 
electrode' 1 cells can also be considered a "working" ("measuring," "indicator," or 
"sensing") electrode, e.g., in a potentiometric electroanalytical setup where the potential of 
the measuring electrode (against a reference electrode) is a measure of the concentration of 
a species in the solution. 
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[0781 In a preferred three-electrode embodiment, the counter and reference electrodes are 
configured to extend generally about the periphering of the working electrode of the 
biosensor. Suitability configurations are seen in, for example. Figs. 3, 4, 5, 12, 13 and 23. 

[0791 In a preferred embodiment, the electrochemical biosensor is fabricated using 
microelectromechanical systems (MEMS) technology. Referring now to Fig. 3, a layer of 
silicon dioxide (SiO?, IQOOA) is deposited on a bare silicon wafer 200 (prime grade, p- 
type <100>, thickness 500-550. fim) and served as a pad layer underneath the silicon 
nitride (Sh Na , IQOOA) to release stress and improve adhesion. A plurality of MEMS 
biosensors (such as biosensor 210) were fabricated with working electrodes of various 
dimensions (such as working electrode 220). Preferably each of the working electrodes is 
etched to form a well up to 350 (am in depth. 

[0801 The nitride-coated silicon wafer 200 was patterned and bulk etched using KOH 
along the [1 1 1] and \100] crystal planes, and the depth of the well was controlled by KOH 
etching time and temperature. The 100. fim wide auxiliary (such as auxiliary electrode 
230) and reference (such as reference electrode 240) electrodes are separated from their 
corresponding working electrode 220 by 200 |im. Fig. 3 shows a schematic of the pattern 
used in generating the MEMS biosensors (such as biosensor 210). 

[0811 The nitride and oxide were removed by HF etching to release internal stress, and 
another oxide layer (5000A) was deposited for electrical isolation. Electrodes were 
patterned by PR5214 photo resist reverse imaging and lift-off process with electron beam 
deposition of Au(2000A)/Cr(200A). Finally the wafer 200 was bathed in 
hexamethyldisilazane (HMDS) vapor for three minutes after ten minutes of a 150°C hot 
bake to generate a hydrophobic surface on the surrounding Si areas. The hydrophobic 
nature of the surrounding area, along with the 3-dimensional nature of the working 
electrode (such as working electrode 220), allows containment of a liquid droplet on the 
working electrode 220 during the initial sensing step of immobilizing to the working 
electrode molecules of interest in the solution. This design effectively minimized non- 
specific binding of biomolecules to other areas of the MEMS array. 
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[0821 Preferably the material used for all the electrochemical electrodes is gold (Au). 
Several conducting materials, available in MEMS technology, were patterned on a silicon 
substrate by the lift-off process, and the characteristics of the three-electrode system were 
tested by cyclic voltammetry with ferricyanide solution. Different combinations of gold, 
platinum, titanium and aluminum electrodes were tested and the Au/Au/Au three-electrode 
system gave the best C-V curve and redox characteristics. 

[0831 Fig. 4 shows an embodiment of biosensors fabricated on a square substrate 300 
(such as silicon, gallium arsenide, plastic and/or glass) having a plurality of circular 
biosensors, such as biosensor 310. The biosensor 310 comprises a working electrode 320, 
a reference electrode 330, and a counter (auxiliary) electrode 340. As previously 
mentioned, preferably the electrodes are constructed out of a single layer of conducting 
materials, available in MEMS technology. Furthermore, all of the electrodes should 
preferably be constructed out of gold (Au). 

[0841 Fig. 5 shows yet another preferred embodiment of the present invention. The 
biosensor 410 comprises a working electrode 420, a reference electrode 430 and a counter 
(auxiliary) electrode 440 fabricated on the substrate. Preferably, the electrodes are made 
out of gold. The working electrode 420 is formed in a built-in well 450 in the substrate up 
to 350 fim in depth. The well 450 is designed for confining a desired reagent within the 
well-defined space. As shown in Fig. 5, the well 450 fabricated by the microfabrication 
methods described herein, is bordered by (111) silicon planes after KOH etching. The 
working electrode 420, defined by the microfabrication methods described above, covers 
the entire well 450 surface. 

[0851 In operation, the above embodiments have the advantage of being easy to fabricate 
and can be fabricated together as a single series microfabrication process step on the 
substrate. However, successive microfabrication steps may also be employed for 
fabrication. Furthermore, as the following analysis and experiments below show, these 
low-cost and easy-to-fabricate biosensors are reusable and have the same robust and 
reversible electrochemical performance as conventional biosensors. 
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[0861 In one experiment. Cyclic Voltammetrv (CV) analytical technique is used. CV is 
one of the most versatile analytical techniques used in the study of electroactive species 
and the characterization of biosensors. It is widely used as both an industrial and academic 
research tool in the fundamental characterization of electrochemical systems. In Cyclic 
Voltammetry, the potential is ramped from an initial potential (E n ) to a maximum potential 
(E m) at a controlled (and typically fixed) sweep rate (V/sec). Fig. 6 illustrates this 
concept. Repeated cycles of reduction and oxidation of the analyte generate alternating 
anodic and cathodic currents in and out of the working electrode. Since the solution and/or 
reagent is not stirred, diffusion effects are observed at different analyte concentrations and 
different scan rates. 

[0871 Separation of the anodic (7^) and cathodic (i^.) current peaks can be used to predict 
the number of electrons involved in the redox reaction. The peak current is also directly 
proportional to the analyte concentration, C and scan rate, v. Experimental results are 
usually plotted as current versus potential, similar to the graph shown in Fig. 7. 

[0881 In the CV scan shown in Fig. 7, the potential is graphed along the x-axis with more 
positive (or oxidizing) potentials plotted to the right, and more negative (or reducing) 
potentials to the left. The current is plotted on the y-axis with cathodic (i.e., reducing) 
currents plotted down along the negative direction, and anodic (i.e. oxidizing) currents 
plotted in the positive direction. 

[0891 The analyte used in the following control experiment was potassium ferricyanide, 
K^Fe(CN) <s (329.26 g/mol), which contains an iron atom in the +3 oxidation state (Fe 111 ) in 
a buffer solution of potassium nitrate, KNCh (101.11 g/mol). At the surface of a working 
electrode, a single electron can be added to the ferricyanide anion. This will cause it to be 
reduced to the ferricyanide anion, Fe n (CN)fi 4 ", which contains an iron atom in the +2 
oxidation state (Fe 11 ). This simple, one electron exchange between the analyte and the 
electrode is a well behaved, reversible reaction. This means that the analyte can be easily 
reduced to Fe'VCN)/' and then easily oxidized back to Fe m (CN) rt 3 ". 
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[0901 A redox couple is a pair of analytes differing only in oxidation state. The 
electrochemical half-reaction for the Fe m (CN)^ 3 ' / Fe n (CNV » 4 " redox couple can be written 
as follows: 



[0911 The voltammogram shown in Fig. 8 exhibits two asymmetric peaks, one cathodic 
(i ju) and the other anodic (i^ , ). Using a standard reference electrode, such as the normal 
hydrogen electrode (NHE), the formal potential associated with this half-reaction is near 
+358 mV. If the working electrode is held at a potential more positive than +400 mV, then 

the analyte tends to be oxidized to the Fe m (CN) 6 3 ~ form. This oxidation at the working 

electrode causes electrons to go into the electrode from the solution resulting in an anodic 
current. At potentials more negative than +400 mV, the analyte tends to be reduced to 

Fe m (CN) 6 4 ~ . This reduction at the working electrode causes electrons to flow out of the 

electrode into the solution resulting in a cathodic current. Since the preferred sensor 
design embodiment of the present invention does not utilize a standard reference electrode 
like NHE, silver/silver chloride (Ag/AgCD or saturated calomel electrode (SCE), and since 
all three electrodes are gold (Au), the rest (unbiased) potential in this experiment is close to 
zero volts. 

[0921 The important parameters of a cyclic voltammogram are the magnitudes of the 
cathodic and anodic peak currents (i^ and respectively) and the potentials at which 
these currents are observed (E^ and E m * respectively). Using these parameters, it is 
possible to calculate the formal reduction potential (En - which is centered between E^n and 
Epr ) and the number of electrons (n) transferred in the charge transfer reaction. 

[0931 The peak current (i^ or can be expressed by the Randles-Sevcik equation: 



Fe n, (CN) 6 3 ' + e <^> Fe ,! (CN) 6 4 ' E 0 = +0.358V(NHE). 



m 




01 



where, n = number of electrons appearing in half-reaction for the redox couple 
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F = Faraday's constant (96,485 CI mol) 
A = electrode area (cm 2 ) 
v = rate at which the potential is swept (V/sec) 
D - analyte's diffusion coefficient (cm /sec) 
R = universal gas constant (8.314 J / mol K) 
T= absolute temperature (K) 
[0941 At 25°C, the Randles-Sevcik equation can be reduced to the following: 

i p = (2.687 xlO s )n /2 v ]/2 D ]/2 AC (3) 

where the constant has units (i.e., 2.687xl0 5 C mol' 1 \T 1/2 ). 

[0951 The Randles-Sevcik equation predicts that the peak current should be proportional 
to the square root of the sweep rate when voltammograms are taken at different scan rates. 
As shown in Fig. 9, the plot of peak current versus the square root of sweep rate yields a 
straight line. The Randles-Sevcik equation can be modified to give an expression for the 
slope of this straight line as follows, 

Slope = (2.687 x 10 s Cmor l V- y2 )n 3/2 D l/2 AC 

£41 

[0961 The scan rate dependence of the peak potentials and peak currents are used to 
evaluate the number of electrons participating in the redox reaction as well as provide a 
qualitative account of the degree of reversibility in the overall reaction. The number of 
electrons transferred in the electrode reaction (n) for a reversible redox couple is 
determined from the separation between the peak potentials (AEp = Epa - Epc). For a 
simple, reversible (fast) redox couple, the ratio of the anodic and cathodic peak currents 
should be equal to one. The results of the experiment using the preferred sensor design 
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deviate only slightly from unity. Large deviations would indicate interfering chemical 
reactions coupled to the electrode processes, but slight deviations from unity merely 
suggest a non-ideal system. Fig. 10 shows the CV scan for 12 consecutive cycles with 
minor deviations from the first cycle. These results clearly indicate a highly reversible 
system and robust cell design. 

[0971 Besides being easy and cheap to fabricate while having the same performance as 
the conventional sensor, the above embodiments of the present invention also have the 
advantages of being compatible with the integrated circuit (IC) and the MEMS fabrication 
process. Furthermore, as shown in Figs. 3 and 4 these embodiments are capable of being 
constructed in an array of biosensors and in a small area. 

[0981 A second aspect of the present invention relates to confinement of a reagent and/or 
solution in a biosensor using surface tension at small scale. The reagent and/or solution 
contains the target analyte(s) and/or the chemical(s) needed for biosensing. 

[0991 A biosensor's performance is mainly determined by its specificity and sensitivity. 
The concept of confining the reagent on a substrate, such as silicon, was discovered in 
investigations relating to the present invention to be a solution for reducing the high level 
of detection noise caused by the non-specific binding of the analvte or other reagent or 
solution components, such as Horseradish Peroxidase (HRP), onto regions around the 
periphery of the working electrode and causing high detection noises and creating high 
false positive rates. HRP is used in the instant embodiment as a signaling enzyme. To 
verify that noise does come from the HRP residual at the surface, a simple test was done to 
estimate the contribution of this unwanted binding. HRP was introduced to a bare silicon 
chip, followed with several wash steps before the addition of the substrate solution. A very 
high level of enzymatic reaction was observed immediately after adding the substrate 
solution. 

[01001 As expected, HRP, like other proteins, sticks to the silicon surface easily and 
tightly. Several commercial wash solutions and blocking protein were tested without any 
significant improvement of reducing non-specific binding. It is determined that the best 
way to avoid the effects of undesirable binding is to prevent it from happening in the first 
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place. The area outside the working electrode of the biosensor of the invention need not 
encounter the HRP solution in order to achieve biological sensing. In the prior art, 
however, it is conventional to immerse all three electrodes in aqueous system all the time 
and all the reagents would flow through all the surface area. 

[01011 The simplest way, discovered by the present inventive entity, to confine certain 
reagents within a well-defined space is to form a well in the biosensor. As shown in Fig. 5, 
a microfabricated well is bordered by silicon crystal planes 400 after KOH etching. The 
working electrode 420 defined by a lift-off process covers the whole well surface. Thus, a 
reagent or solution containing components capable of non-specific binding (e.g. HRP) may 
initially be confined to the well area to achieve the desired binding to the electrode in the 
well (preferably the working electrode), while avoiding non-specific binding to the 
periphery region of the biosensor. The reagent or solution can then be washed off the 
biosensor and additional reagents and/or solutions later added to complete the sensing 
process. 

[01021 The importance of surface and material science cannot be underestimated when 
designing a biosensor. An unacceptable amount of non-specific binding may still occur 
during the washing process while the diluted reagent is flowing around the wafer surface. 
The time for the wash solution containing HRP, for example, to stay on the periphery 
region is much longer than the binding time constant. Therefore, besides fabricating the 
well structure, the surface of the periphery area preferably should be protected by other 
mechanisms. 

[01031 Thus, another way to keep the surface from contacting undesired reagents or 
binding components is to make it hydrophobic. Silanation of silicon surface is widely used 
to prevent suspended structures from sticking to substrate by surface tension. This 
approach was used here to prevent the direct contact of biomolecules to the periphery area 
of the silicon substrate. 

[01041 Silane-based molecules with various functional terminal groups have been used to 
modify surface properties of silicon wafers, silicon nitride chips, and atomic force 
microscopy (AFM) tips. Silane compounds for the surface modification form robust 
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monolayers chemically tethered to silicon oxide surfaces as a result of hydrolysis of 
terminal Si(Cl) n or SiO-CjETs groups. 

[01051 The performance of artificial materials in contact with biological systems is 
determined by the surface interactions of the two materials. Since the surface interaction 
could result in noise increasing and structure damage, surface modification is one way to 
avoid this problem. The easiest way is to change the surface property of the structure or by 
using plastic. By converting the surface into a biocompatible or bio-inert surface, non- 
specific interaction will be limited to a minimum or eliminated by the fabrication of a 
molecular layer firmly tethered to the surface. The most widely implemented approach 
uses a self-assembly monolayer (SAM) from thiol molecules by chemisorption onto a gold 
surface and silane molecules to form SAM on a silicon oxide surface according to well- 
established procedures developed in the 80*s mostly by C. D. Bain, and G. M. Whitesides. 
Other materials such as sol gel and carbon paste may also be used to modify the surface. 

[01061 In operation, referring now to Fig. 11(a), the reagent is shaped by the hydrophilic 
working electrode and a droplet is nicely formed over the Au working electrode surface. 
Fig. 1 Kb) demonstrates that with increasing volume of the reagent, the area covered by the 
reagent will gradually expand and then cover the other two electrodes. Fig. 11(c) shows 
that when an excess stream of reagent is administered by pipette, a ball 465 of reagent will 
be formed instead of spreading out on the hydrophobic silicon substrate. 

[01071 Turning now to Figs. 12 and 13, each individual electrode will be in contact with 
electrolyte and/or analvte and other components 509 only when needed by using 
controllable surface property and surface tension force at small scale. Referring now only 
to Fig. 13, for electrochemical detection, all electrodes have to be immersed in the 
electrolyte and/or analvte 509 only at detection time. For most applications, the majority 
of time is spent on sample preparation as depicted in Fig. 12 to immobilize the electrolyte 
and/or analvte 509 onto working electrode 510. In this embodiment as shown in Figs. 12 
and 13, the coverage of the electrolyte and/or analvte 509 over the electrodes is controlled 
by surface property and reagent volume 520. 
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[01081 Thus, the above embodiments take advantage of surface tension at small scale to 
confine the electrolytes and/or analvtes and other components. In addition, the above 
embodiments require much less reagent (in the order of pL to mL); and eliminate the need 
for bulk solution. Furthermore, because of the small amount of reagent use, the above 
embodiments have the advantages of having the analvte close to the electrodes (pm to 
mm), whereby adequate exposure of analyte to the electrodes can be achieved using 
diffusion effects alone, and the need for stirring or other mixing is eliminated. Another 
advantage of the above embodiments is the ease of the control and/or change of the 
coverage of electrolyte and/or analyte over the electrodes. Moreover, the above reagent 
and/or solution confinement embodiments reduce the loss of target analvtes and improve 
the sensitivity of the biosensor by greatly reduce non-specific binding. In addition, the 
above embodiments are relatively immune to shaking of the biosensor and are suitable for 
portable or handheld systems. Lastly, due to the surface tension confinement effect, the 
reagent will be held firmly by surface tension even the sensor is flipped upside down. 

[01091 Optionally, as shown in Figs. 12 and 13, the biosensor embodiments can be 
equipped with a reaction well 530 to help hold the reagent 520 in place and to control the 
shape of the reagent 520. However, such a well 530 is not required and the confinement of 
the reagent 520 can be achieved by a simple flat surface. 

[01101 Referring now to Fig. 14, this shows the first step of a preferred fabrication of an 
embodiment of the present biosensor (sensor-chip).As shown in Fig. 14, a layer of silicon 
dioxide (SiO?, 1000 A) 620 is first deposited on a bare Si wafer 610 (prime grade or test 
grade, p-type or n-type <100>, thickness 500-550 fam). The silicon dioxide 620 serves as a 
pad layer underneath the silicon nitride 630 (Sh N g, lOOOA) to release stress and improve 
adhesion. 

[01111 Next, referring to Figs. 15 and 16, the nitride wafer 600 is patterned (Fig. 15) by 
mask 640 and bulk etched using KOH along the [111] and \100) crystal planes (Fig. 16). 
The etching creates a well 650 and the depth of the well 650 (up to 350 |im) is controlled 
by KOH etching time and temperature. 
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[0112] Referring now to Fig. 17, the nitride 630 and oxide 620 were then removed by HF 
etching to release internal stress, and another oxide 660 layer (5000A) is deposited for 
electrical isolation. 

[01131 Figs. 18 and 19 show a lift-off process for the fabrication of the necessary 
electrodes. The electrodes for biosensing are patterned on substrate 610 by using PR5214 
photo resist layer 670 on silicon dioxide layer 660. Next, a mask 671 is used to transfer a 
desired pattern onto photo resist layer 670 by using reverse imaging process (which 
includes the removal unwanted photo resist layer 670). A layer of gold Au (2000A) 680 is 
electron-beam deposited on silicon dioxide layer 660 with the desired photo resist pattern 
layer 670. Preferably, a deposition of an adhesive 690, such as chromium (Cr 200A) occurs 
before the deposition of Au(2000A) 680 to improve the adhesion of the Au onto the silicon 
dioxide layer 660. In addition, other materials such as titanium or glue may also work as 
an adhesive. Lastly, referring to Fig. 19, any photo resist 670 and unwanted Au 680 and 
Cr 690 are removed by dissolving the photo resist pattern layer 670. 

[01141 Finally the wafer 600 is bathed in hexamethyldisilazane (HMDS) vapor for three 
minutes after ten minutes of a 150°C hot bake to generate a hydrophobic surface on the 
surrounding silicon areas. 

[01151 Preferably, the surface of the biosensor (sensor chip) is modified by a surface 
modification step to prevent non-specific binding. As an example, referring to Fig. 20, a 
macromolecule biosensor's surface can be modified by the steps of first cleaning the Au 
surfaces 680 with concentrated "Piranha" solution (70 vol% FbSO^ 30 vol% Ifr O? ) and 
thoroughly rinsed with deionized water (dH?Q). Next, referring to Fig. 20, surface 
modification material such as SAM of biotin-DAD-C12-SH (12-mercapto(8-biotinamide- 
3,6-dioxaoctyl)dodecanamide) Roche GmBH, Germany is deposited. For depositing a 
SAM of biotin-DAD-C12-SH), the procedure of Spinke, et al. (1993) was used wherein 
samples were incubated for -18 hours in a 50mM solution of biotin-DAD-C12-SH in 
ethanol with 4.5xlO-4M U-mercapto-l-undecanol (Aldrich Chemical Co., 44,752-8) and 
rinsed with ethanol and water. Finally, referring to Fig. 21, the biotin-coated Au surfaces 
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700 were then exposed to a 1.0 mg/ml streptavidin solution for -10 minutes and rinsed 
again with dH?Q to form a streptavidin-coated Au surface 710. 

(01161 A third aspect of the present invention relates to the integration of an entire 
electrochemical (redox) biosensor onto a single integrated circuit (IC) chip. An integrated 
circuit (IC) is defined as a tiny wafer of substrate material upon which is etched or 
imprinted a complex of electronic components and their interconnections. 

[01171 MEMS devices have distinctive properties as a result of small features but the 
signal level from MEMS-based sensor is relatively low compared to a conventional sensor. 
Sensitivity can be improved by using an off-chip amplification module but it also increases 
the noise and the system size. One embodiment of the present invention includes an on- 
chip amplification circuitry (amplification circuit incorporated on the biosensor chip itself) 
and detection circuitry (such as providing bias potential, current measurement, sequential 
control and signal processing) to reduce the inter-chip interference. Both the detection 
circuitry and the amplification circuitry can be provided by using bipolar transistor (BJT) 
and/or complementary metal-oxide-semiconductor (CMOS) devices. 

[01181 In one embodiment, an on-chip amplification device is equipped underneath the 
working electrode, which is typically the largest area of the electrochemical sensor cell. 
Analogous to the open-base bipolar (BJT) photosensor, the base region receives the current 
from the transducer with the current gain beta p, which ranges from 80-150. There are two 
types of BJT which can be implemented with an electrochemical cell, vertical BJT and 
horizontal BJT. The current gain is determined by the length of base region. In vertical 
BJT, this is a function of ion implementation energy and doping concentration. In 
horizontal BJT, the length is a function of lithography resolution, ion implementation angle 
and thermal diffusion. For these reasons the vertical BJT is more reliable in terms of chip- 
to-chip or in-chip gain uniformity. 

[01191 Fig. 22 shows in cross-section an embodiment of in-chip amplifier circuitry that 
preferably includes a biosensor comprising three metal electrodes used for electrochemical 
sensing. Preferably, the three electrodes are fabricated using integrated circuit (IC) 
processes and have a relatively large area for interconnection and isolation. The entire 
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biosensor chip 700 can be stacked in two stages (electrochemical sensing stage 730 and 
bipolar transistor (BJT) amplifying stage 720) and the Au working electrode 710 can act as 
an electromagnetic shield for the BJT device 720. The working electrode contacts (such as 
contacts 733, 734, 735, 736, 737 and 738) make contact to a contact interface 740 and also 
increase the surface area of the working electrode 710 for higher signal. All contact and 
electrode structures can be made with a single layer of metal such as gold. In addition, 
biosensor chip 700 comprises a silicon substrate 744. Substrate 744 includes a base region 
743, a collector 742 and an emitter 741. Base region 743 receives electron flux from 
working electrode 710. Collector 742 is connected to a power source and provides the 
current gain under certain base conditions for amplification reasons. A resulting current 
from base 743 and collector 742 is then measured at emitter 741. 

[01201 Referring still to Fig. 22, metal interconnect 750 is connected to signal output (not 
shown) and emitter 741. Gold working electrode 710 connects to base region 743 through 
a first layer 760 of silicon dioxide via etching. A second layer of silicon dioxide 770 
isolates the BJT 720 and signal line while first layer 760 isolates the three electrodes 
(working electrode 710, reference electrode 780, and counter electrode 790). The contacts 
(such as contacts 733, 734, 735, 736, 737 and 738) on working electrode 710 increase the 
surface area and also form a solid contact with BJT 720. The dimension of the contacts 
(about a few tenths |im each) is much larger than the size of the optional protein SAM 
(about a few tenths A) on working electrode 710 so the protein adsorption will not be 
affected. 

[01211 Fig. 24 shows a sectional view of another preferred embodiment of a biosensor unit 
800 representing a preferred embodiment of a plurality of biosensors on a substrate 805 
shown in Fig. 23. As seen in Fig. 24, the biosensor unit 800 comprises a CMOS and/or 
BJT layer 830, an electrochemical layer 840 and a reagent containment layer 850, and is 
generally similar to the Fig. 22 embodiment already described. 

[01221 Thus, as shown in Figs. 22, 23 and 24, the third aspect of the present invention is 
related to a biosensing system that allows for direct integration without chip-to-chip 
connection of the components in the sensor with other components needed for biological 
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detection. The system does not require an external component (instrument) or requires 
only a minimum number of external components to constitute a complete system. 
Furthermore, this all-in-one biosensing system reduces the cost and noise level of 
biological sensing and simplifies the process of such sensing. 

101231 Referring now to Fig. 25, which shows an example of how an embodiment of the 
present biosensor (sensor-chip) can preferably be fabricated by integrated circuit (IC) 
technology with a CMOS device and/or devices. In addition, a BJT device and/or devices 
(not shown) may also be included. As shown in Fig. 25, an integrated circuit (IC) is 
fabricated on semiconductor substrate 900 with a layer of silicon dioxide 905 with a poly 
silicon gate 907 on top of a active well region 909. Poly silicon gate 907 is fabricated from 
an amorphous silicon and it is used for switching the transistor comprises low resistance 
source 917 and drain 919. 

[01241 Referring now to Fig. 26, an oxide layer (5000A) 920 is next deposited on the 
substrate 900 for electrical isolation. Referring now to Fig. 27, the silicon dioxide layer 
920 is then selectively etched by using lithography and etching methods to form an electric 
connection hole 940. Referring now to Fig. 28, a conducting plug 950 is then applied into 
the contact hole 940. Conducting plug 950 is used as interconnection between conductive 
electrode 960 with low resistance source 917 and/or drain 919. 

[01251 Fig. 29 shows a lift-off process for the fabrication of the necessary electrodes. The 
electrodes for biosensing are patterned on substrate 900 by using PR5214 photo resist layer 
970 on silicon dioxide layer 920. Next, a mask 921 is used to transfer a desired pattern 
onto photo resist layer 970 by using reverse imaging process (which includes the removal 
of unwanted photo resist layer 970). A layer 960 of gold Au(2000A) and/or Cr(200A) is 
electron-beam deposited on silicon dioxide layer 920 with the desired photo resist pattern 
layer 970. Lastly, referring to Fig. 30, any photo resist 970 and unwanted Au/Cr 960 are 
removed by dissolving the photo resist pattern layer 970. 

[01261 Referring now to Fig. 31, this shows an example of how an embodiment of the 
present biosensor (sensor-chip) 1000 can preferably be used to detect an ionic molecule, 
such as iron (Fe). In this embodiment, the sensor surface 1010 is not modified and is ready 
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to use after the post fabrication cleaning as shown in the above fabrication embodiment. 
The analvte used in this embodiment was potassium ferricvanide, K^FefCN^ (329.26 
g/mol), which contains an iron atom in the +3 oxidation state (Fe m ) in a buffer solution of 
potassium nitrate, KNO^ (101.11 g/mol). As shown, in Fig. 31, the mixed solution 1020 
with analvtes (or reagent with electrolytes) is applied onto all three electrodes (working 
1030, reference 1040 and counter electrode 1050). The volume of the solution 1020 is 
adjusted so the droplet is confined over all three electrodes by surface tension forces. 

[01271 Next, referring to Fig. 32, the Cyclic Voltammetry (CV) current vs. bias potential 
was measured using a CH Instruments 660A Electrochemical Workstation with a picoamp 
booster and faraday cage. The potential is swept between 0. 1 volt and -0.4 volt and the 
current is measured through working electrode 1030. 

[01281 After the measurement, the Au surfaces were cleaned with acetone, alcohol, and 
concentrated "Piranha" solution (70 vol% H7SO 4 , 30 vol% H?Q?) and thoroughly rinsed 
with deionized water (dH?Q) if the sensor 1000 is to be re-used. 

[01291 Fig. 33 shows a preferred embodiment for macromolecules (e.g., DNA, RNA, 
protein) detection. Preferably, the detection of the concentration of macromolecules 
(DNA, RNA, protein) does include the sensor surface modification of biotin/Streptavidin 
layer. The sensor surface is modified with a proper biochemical solution to form a 
streptavidin layer after the post-fabrication cleaning as shown in the surface modification 
process described above. After the surface of the biosensor 1 100 has been modified, the 
amperometric biosensing of pathogen is conducted by first adding 50 ml of lysis reagent 
(0.4 M NaOH) to a 250 ml sample of bacteria solution and incubated for 5 minute at room 
temperature. 100 ml of probe solution (anchoring and signaling probes) was then added, 
and the mixture was incubated for 10 min. at 65°C. 5 fiL of the lysed E. coli/probe 
solution mixture 1 120 is then placed on the streptavidin coated working electrode 1 130 of 
the biosensor 1 100 and incubated for 10 min. at room temperature. 

[01301 Referring now to Fig. 34, the biosensor HOP is then washed with biotin wash 
solution (Kirkegaard and Perry Laboratories, 50-63-06). Next, 5 [iL 1 140 of Anti-Fl-POD 
(Anti-fluorescein peroxidase, 150U, Roche Inc., 1 426 346)» diluted to 0.75U/ml or 0.15 
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U/ml with dilutant (PBS/0. 5%Casein) is placed on the working electrode 1130 and 
incubated for 10 minutes at room temperature. 

[01311 Referring now to Fig. 35, the biosensor is then washed again with wash solution. 
After the wash, 10 \iL 1160 of K-blue substrate (Neogen Corp., 300176) is placed on the 
biosensor in such a way that all three electrodes (working 1130, reference 1140, counter 
1 150) are covered by the substrate solution 1 160. 

[01321 Finally, the electrochemical (more specifically the redox) measurements are 
immediately taken. Amperometric current vs. time is measured using a CH Instruments 
660A Electrochemical Workstation with a picoamp booster and faraday cage. Samples on 
the biosensor are to be measured sequentially. The voltage should be fixed at -0.1V (vs. 
reference), and a cathodic current (amperometric signal) reading should be taken in 20 
seconds because at 20 seconds, the current values should reach steady-state. Cell 
concentration (cell number) is determined by using serial dilutions and culture plate 
counting. 

[01331 After the measurement, the Au surfaces should then be cleaned with acetone, 
alcohol and concentrated "Piranha" solution (70 vol% H 2 SOa, 30 vol% H 2 Q ?) and 
thoroughly rinsed with deionized water (dH?Q) if the sensor 1 100 is to be re-used. 

[01341 Preferably, in any of the above biosensor embodiments the biosensor is calibrated 
before actual sample detection. The biosensor is preferably calibrated with a calibrating 
solution that contain a known amount of target analyte(s) and another calibrating solution 
that contains an undetectable amount (e.g., none) of the target analyte(s). Optionally, the 
biosensor may be calibrated with a plurality of calibrating solutions. Each of the plurality 
of calibrating solutions respectively contains a known amount of the target analyte. 
Preferably, the calibrating solutions contain the target analytes at different level of 
concentrations. These calibrations solutions are measured on the biosensor by the above 
described detection process to obtain a reference signal and/or reference signals. The 
reference signal and/or signals are then compared with the measured signal from a sample 
solution to determine the presence and quantity of the analyte in the sample reagent. The 
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determination of the presence and quantity (e.g., concentration or absolute amount) of the 
analvte(s) can be determined by conventional biological interpolation methods. 

Enzyme-Based Electrochemical Biosensor with DNA Array Chip: 

[01351 A reusable DNA sensor array for rapid biological agent detection has been 
fabricated on a silicon chip. The DNA-based probes target the DNA/RNA sequence of the 
analyte instead of indirect probing using antibodies. The sensitivity is greatly enhanced by 
combining the hybridization event with a signal enzyme. The formation of the self- 
assembled monolayer sensor surface, in-situ DNA hybridization, signal measuring and the 
sensor regeneration can be performed within 40 minutes. Even without using the PCR, as 
low as 1000 Escherichia coli (E. coli) cells through 16s rRNA can be detected using this 
sensor array. (Fig.36) The dimension of each sensor area ranges from 25 mm to 160 urn . 

[01361 The enzyme-based electrochemical biosensor is primarily motivated by the need for 
a highly sensitive and selective protocol capable of rapid monitoring the concentration of 
bacteria, virus, or various biological species for field use. Such a protocol would operate 
remotely, and would be fully automated, compact, and robust. Therefore, the 
electrochemical transducer with minimum power consumption and smaller size is preferred 
over the optical system. High specificity can be achieved by using DNA hybridization to 
reduce false positive and false negative signals. DNA electrochemical biosensors have 
been previously reported using graphite or carbon electrodes. Carbon-based electrodes, 
however, are generally not adaptable to MEMS technology when small (<[im) dimensions 
are needed. In this study, Au is used as electrodes, with a protein self-assembled 
monolayer (SAM) to capture the E. coli rRNA. An enzyme is used as a biological 
amplifier in this study to gain the high sensitivity without PCR. A sensitivity and 
specificity check for E. coli MC4100 versus Bordetella SB54 is shown in Fig.36. 

[01371 HRP is one of the most widely used enzymes for analytical purposes and 
biosensors application. Enzymatic amplification occurs due to a high turnover number in 
reactions that can be detected electrochemically. An amperometric biosensor based on 
horseradish peroxidase (HRP) with SJ'S^'-tetramethylbenzidine (TMB) as a mediator is 
described (Fig.37). The electron transfer at the electrode surface is measured 
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amperometricallv to represent the number of the enzymes immobilized by DNA 
hybridization though the 16s ribosomal RNA of the target cell. Therefore, the output 
current is proportional to the number of the target cells in the solution. 

[01381 A three-electrode electrochemical cell is constructed with a micro-fabricated 
reaction well for the working electrode. Gold (Au) is deposited as a conducting layer and 
Si^Nd/SiO? as an isolation layer. The surrounding Si surface is modified to be hydrophobic. 
The three dimensional reaction well along with the hydrophobic nature of the surrounding 
area allows a liquid droplet to be well contained in the working electrode. This design 
minimizes non-specific binding of biomolecules to other areas of the sensor chip. The Au 
working electrode has a monolayer of streptavidin immobilized on the surface via a 
thiolated-biotin SAM or through direct protein adsorption onto the gold. A sample 
solution containing E. coli is treated with lysis buffer, the target DNA/RNA from the E, 
coli cells are hybridized with both an anchoring ssDNA probe and a labelling ssDNA 
probe at annealing temperature (~65°C) in the presence of cell debris. The anchoring probe 
(conjugated to biotin) and the labelling probe (conjugated to fluorescein) recognize two 
distinct conservative sequences; therefore, the hybrid forms only with the specific gene 
segment from the target bio-agent. The oligonucleic hybrid is then immobilized through 
biotin-streptavidin binding onto the working electrode and unbound components are 
washed away. A HRP-linked anti-fluorescein antibody is then loaded onto each hybrid. 
After addition of substrate, enzymatic reaction causes a current signal which is measured 
amperometricallv using the three-electrode cell. The entire protocol is completed in 40 
minutes. 

[01391 The SAMs on the DNA sensor were characterized by surface plasmon resonance 
(SPR) and atomic force microscopy (AFM) to determine whether only a monolayer was 
deposited and also to determine the kinetics of protein deposition. From this data, the time 
scale required for in situ sensor surface formation in the integrated fluidic system can be 
ascertained. Two different methods were used to deposit the streptavidin SAM; one using a 
thiolated biotin and the other using direct protein adsorption. In both cases, SPR data 
shows that only one monolayer was deposited on the surface (Fig.38). A crystalline 
monolayer of streptavidin has an expected surface coverage of 2.8 ng/mm 2 . The results 
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indicate that a full monolayer was obtained using the thiolated biotin and -80% coverage 
was obtained by direct protein absorption. Moreover, protein binding/adsorption occurs 
within -10 seconds. 

[01401 Atomic Force Microscopy (AFM) was performed in the contact mode using 
ultralever tips with a force of 5.0nN. The Au substrate was prepared following Wagner 
method. The bare Au has topographic features <10A, and contact AFM of a "full" 
monolayer showed a smooth surface with evidence of protein dragging. The height of 
protein islands on a "partial" monolayer was ~45A, consistent with the dimensions of the 
streptavidin protein. The AFM observations confirm the SPR results that only one 
monolayer was deposited. 

[01411 In summary, the combination of MEMS technology with established DNA 
technology leads to a highly specific and sensitive detector for pathogenic bacteria. 
Biological identification using electrochemical detection with SAMs was successfully 
incorporated into a silicon wafer with a sensitivity that can detect less than L000 E. coli 
cells. 

Optimization of DNA microsensor arrays for biological detection: 

[01421 The characterization and optimization of a reusable DNA microsensor array for 
rapid biological agent detection is described in the following. This MEMS based DNA 
sensor utilizes a standard three-electrode electrochemical cell configuration with novel 
micro fabricated structure design to minimize non-specific binding. The sensor module is 
easily adapted to various protocols and can be used for rapid detection of macromolecules 
(DNA, RNA) from targets such as uropathogenic Escherichia coli (E. coli) in urine and 
microorganisms causing otitis media (middle ear infection). Less than 10 5 E. coli cells can 
be detected from the urine sample of a patient with urinary tract infection. The sensitivity 
is enhanced by appropriate sensor characterization and surface modification. The total 
detection time including sample preparation can be reduced to 25 minutes by using a POD 
conjugated oligonucleotide. 
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[0143] Conventional electrochemical detection is not quite compatible with MEMS 
technology and fabrication processes due to system requirements and configuration. An 
electrochemical cell must consist of at least two electrodes (working electrode, reference 
electrode) and an electrolyte. An electrochemical electrode is an interface at which the 
mechanism of charge transfer changes between electronic transport and ionic transport. [4] 
An electrolyte is a medium through which charge transfer can take place by the movement 
of ions. Electrochemical detection requires a second unvarying potential supplied by a 
reference electrode, forming a half battery. A typical reference electrode is Ag/AgCl. 
Currently, it is difficult to fabricate this reference electrode on a silicon substrate. Most 
MEMS based electrochemical sensors focus on micro fabrication of only the working 
electrode. The characteristics and application of a MEMS based electrochemical sensor on 
silicon fabricated by standard MEMS processes are described. Testing of clinical urine 
samples with DNA hybridization on the electrochemical sensor demonstrates that MEMS 
based sensor on silicon can be used for biomedical detection. 

De tectio n scheme 

[0144] Nucleic acid molecules (RNA/DNA) from chemically disrupted target cells are 
hybridized with both an anchoring ssDNA probe (conjugated to biotin) and a labeling 
ssDNA probe (conjugated to fluorescein) in the presence of cell debris. (Fig.2a) These two 
probes recognize two distinct conservative sequences, and sequences; therefore, the hybrid 
forms only with the specific genetic segment from the target bio-agent. The oligonucleic 
hybrid is then immobilized through biotin-streptavidin binding onto the working electrode 
and unbound components are washed away. (Fig.2b) A peroxidase (POD)-linked anti- 
fluorescein antibody is then loaded onto each hybrid. (Fig.2c) After addition of substrate 
with a mediator (tetramethylbenzidine, TMB), enzymatic reaction causes a current signal 
which is measured amperometrically from the REDOX reaction shown in Fig. 3 . The entire 
protocol can be completed in 40 minutes and the sensor is reactivated after a cleaning 
process. 

Sensor characterization 

Most biosensor chips utilize off-chip optical detection. Qur w or k i n JifetHetka One embodiment of the present invention includes on-chip 
electrochemical detection with sensor optimization and surface modification for signal-noise-ratio improvement. MEMS technology 
makes possible the development of miniaturized electrochemical cells since conductive metallic electrodes in small dimensions can be 
accurately deposited and patterned on a silicon substrate. iHon^ou^suitlie?- Au was a suitable candidate for all three electrodes (working, 
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auxiliary, and reference), and characterization of the Au/Au/Au electrode cell using a well-known one-electron system such as ferrocene 
confirmed that classic reversible one-electron transfer was obtained. 



[0145] Cyclic voltammctry 

Cyclic voltammetry for reversible one-electron transfer of ferrocene is characterized by a 
peak separation of ~57 mV between the anodic and cathodic peaks, the same peak 
maximum, and a linear relationship between peak current vs. [scan fate} 4 " ^ [ 4 ]. As s een in 
Figur e 4 , voltammograms rate] 172 . Voltammograms of ferrocene using MEMS based 
electrochemical sensor at different scan rates show the expected behavior and a plot of the 
peak current at peak maximum vs. [scan rate] 172 is linear. Further characterization of the 
electrochemical cell using peroxidase confirmed that enzymatic amperometry is also 
feasible. Cyclic voltammetry conducted on the mediator shows a two-electron redox 
transfer, as expected for TMB (Fig 5) , and addition of the peroxidase enzyme results in an 
increase in the reduction current that can be clearly measured at -0.1 V bias potential. 

[0146] Reduction of non specific bonding 

[0147] The sensor surface has a protein self- assembled monolayer to capture the target 
RNA/DNA onto the working electrode, and the SAMs have been characterized by atomic 
force microscopy (AFM) and surface plasmon resonance (SPR).f^ The signal-to-noise can 
be improved significantly by appropriate surface modifications to reduce non-specific 
binding. The first approach is to introduce a surface blocking protein to eliminate potential 
bonding sites for non-specific binding. (Fig 6) The second approach is adding a 
hydrophobic modification of the periphery region with silanation treatment or thin-film 
coatings of Teflon® or polyimide. With the hydrophilic nature of protein-covered Au 
working electrode, reagents will be confined to the working electrode only, minimizing 
deposition of enzyme to the periphery and other two electrodes. (Fig 7.8) In both cases, 
noise due to non-specific binding was reduced. Typically, the second approach 
(hydrophobic modification) is used in MEMS fabrication and the first one is incorporated 
into probe reagent. 

Protocol simpl i fication 

Sample preparation is the most time consuming step for most biosensors. Any additional protocol steps will require more fluidic devices 
and a longer detection time. A simplified protocols shown i n F ig.O w her e by th e a t e p of th e e nzym e ■l o odw ig w i th POD €e»*HgaH o n o mo 
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Result 

Previous work has demonstrated the sensitivity of micro DNA sensor to be - 1(T E. coli 
cells. Rec e nt data s how it has th e capability to detect less than 10 E. coli cells from c e ll 
culture at stationa ry s tage through ribosomal RNA cont e nt. The sensor was th e n subjected 
to clinical urin e sampl e from Division of Inf e ctious Dis e as e at UCLA for t e sting. — As 
shown in Figure 10, th e minimum d e t e ctabl e c e ll numb e r of E, coli in urin e sample is 10 * 
from our preliminary result without isolation. Sensit i vity with urine sample can b e 
improved with further opt i mization. Anoth e r typ e of bacteria. Bordetella, was used as a 
negative control and all E. coli sa m p les, includ ing dilutions, ha v e h igher si gn a l t han the 
negative control. 

Micro DNA sensor can b e u sed for e lectrochem ical dete ct ion withou t ut ilizing a 

< — • 

conventional reference electrode because the bias potential is rea s onable low ( 0.1 V) and 
th e det e ction is s hort e nough (20 s e conds) to avoid th e accumulation of charg e at auxiliary 
electrode. This w as confirmed with voltammograms of ferrocen e and POD solution. 
We have d e monstrated that micro DNA sensor can be used for electrochemical detection 
of pathogens such as E. coli. The Au/Au/Au three electrode cells patterned on silicon by 

* VTE5T VTO E ft Villi U1v^ jf VTVlX OtlvvvSOl tl 1 TJ UoVtJ ill iXM ft/vt v/l lit tl IV 1 1 1 VCtCjli I V I 1 1 VI 1 1 vTI VI T 1 1 tTtrrvT 

reactions. T hese s enso r s s how pr o mi s e that they can be incorporated into micro total 
analysi s system (j.i - TAS) or "Lab on a Chip " 

Conclu s ion 

A micro DNA s e nsor was fabricat e d that can d e t e ct e nzymatic r e action amp e rom e trically 
and was charact e riz e d by using cyclic voltamm e try with ferroc e ne and POD to 
demonstrate the capability of conducting electrochemical detection without a conventional 
Ag/AgCl e lectrode. Noise reduction was accomplish e d by surface mod i fication and 
introducing bl acking pro t ein. The s t ructural desi g n of a wel l i n th e w o rk i ng electrode an d 
s urface treatment on s ilicon substrate enable reagent confin e ment over the work i ng 
e l ec trode. The reagent electrode contact can be controlled to reduce non - specific binding, 
not possible with a conventional b e ak e r setup. Urine sample t e sting shows this DNA 
sen s or is suitabl e for clinical diagnosis with a short d e t e ction time and small e r syst e m s ize. 
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Fig.l DNA micros ensor array chip 

(a) 4 sensors with surface feature to 
increase surface-volume-ratio 

(b) 14 sensors in 1cm 2 
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Fig.2 Sensor and protocol process flow (a) hybridization (b) immobilization (c) POD loading 
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Fig.3 Electron transfer of enzymatic reaction of horseradish 

peroxidase 



3Q9005876.P002 




10 

Zi 

10 < 
15 

-0» 



•on -o'u «oa o'oc o OM ace 012 o n »» 



_ UJ „ 0123456789 1011 

p * enUa,/v rScanRate. 
Fis.4 Sensor characterization bv cvclic voltammetrv 




07 A 



u 
JL 



8.00E-07 
7.00E 
6.00E-07 
5.00E-07 
4.00E-07 
3.00E-07 




% 2.00E-07 
I 1.00E-07 
0.O0E+OO 



Amperometiy Detection Time (10 sec) 

°Nobbckmg protein ■ with Bovine SeimAltomnn(BSA) D with KPL Detector Block® 
Fj§6 Noise redi±tianbyadiingblockuig prate ins to eliminate non-specific binding 



3O9005876.P002 



k-V4Q239*4 



26 4 /029 195 
- — Patent 




.Auxiliary electrode 

Reference electrode 

Micro fabricated working electrode 

Electrolyte 



(a) Conventional beaker setup: 

3 electrodes in solution all the time 
* Diffusion limited effect 

Stirring required 



^ .Electrolyte 
^ _ .Auxiliary electrode 
^ _ .Working electrode 
Reference electrodi 
Hydrophobic surf ac ^ 



(b) Micro DNA sensor: onfy the related electrodes will be covered by the electrolyte droplet 
Fig. 7 Comparison of electrode-reagent contact between (a) conventional and (b) micro DNA sejisor 

Auxiliary electrode 
"Working electrode 
. Electrolyte 
Reference electrode 




Electrolyte over working electrode only during the 
DNA hybridization and immobilization 



Electrolyte overall three electrodes during the 

amperometric detection with addition of substrate 
solution 



Overshoot droplet will come back to original 
conformation due to surface tension built by the 
surface modification 



Fig.8 Image of electrolyte confinement over electrodes of micro DNA 



309005876^002 



Labeling ssDNA 



16s rRNA from E coli 




Signaling Enzyme - 
horseradish peroxidase 
*\ (POD) 
Florescence 



Anchoring ssDNA m \ $ 



Bio tin 



Stxeptavidw 
Self-Assembled 
Monolayer (SAM) 




Counter 
Electrode 



Working 

Reference ^ Electrode 
Electrode 

Fig.9 Simplified protocol with POD conjugated labeling probe (a) hybridization (b) immobilization 
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Fig.10 Sensitivity check of micro DNA sensor with urine sample 

A MEMS BASED AMPEROMET.RIC DETECTOR FOR E. COLI BACTERIA 
USING SE LF AS S EMBLED MONOL AYE RS 

Abst r act 
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W e d e velop e d a syst e m for amp e rom e tric det e ction of Escherichia coli (E. coli) 

bas e d on th e int e gration of micro e lectromechanical syst e ms (MEMS), self assembled 
monolayers (SAMS), DNA hybridization, and e nzyme amplification. — Using MEMS 
technology, a detector array was fabricat e d which has multipl e e lectrodes deposited on a Si 
wafer an d was fu lly reusable. Using SAMs, a monolayer of the protein streptavidin was 
imm o bilized on the working electrode (Au) surface to capture r R NA fro m E. coli. Three 
different approaches can be used to immobilize streptavidin onto Au, direct adsorption, of 
the protein on bare Au, binding the protein to a biotinylated thiol SAM on Au, and binding 
th e protein to a biotinylat e d disulfid e monolay e r on Au. Th e biotinylat e d thiol approach 
y ie ld e d th e best results. — High sp e cificity for E. coli was achi e v e d using ssDNA rRNA 
hybridizat i on and high sensitivity wa s achieved u s ing enzymatic amplification with 
peroxidase as the enzyme. The analysis protocol can be conducted with solution volumes 
on the order of a few m i croliters and completed in 4 0 minutes . T h e det e ct i on system was 
cap a b l e of d ete c t i ng 1000 E . coli ce ll s without polymerase chain rca etie-n w i th high 
sp e cificit y for E. coli vs. the bact e ria B ordeiella brouchiscpti e&r 
Key words: 

Microelectromechanical — s yst e ms — (MEMS), — s e lf ass e mbled — monolay e rs — (SAMs), 
amperom e tric det e ction, Esch e r i chia coli bact e ria, DNA hybridization 
4^ In troduction - 

A variety o f b i os en s ors, both optica l an d ek' cirncherni c a l. h ave been dev e lop e d lor tho ([ e l e ction oi' pathog e nic h a ci e r 4a-ftvrmski. etah . 

test m a-tlie i PttbUity-ie^^vwpsutrii-ffle^K^s-a r e very 1 1 nre-i-oftsti m ing-and-afe-neM*?a slbie-u nder-fteld-eORdi tien s^fhe-need-fopra pki 
de t ec t io n as wel l as portability has ted to the d e v e lopment of sy st e m s t hat coup le pathog en r eco gn i tion with s ignal tran s duction, liotn 
opt i ca l a n d el e ctroch e mical d e t e i 4it» n of bacteria have been report e d, a lt hough e lectrochemi cal mei h tKl s hav e a n ad v ant a ge in that they 
aro-HHtftMHTiOfuibie^o^nma^^ 
s^eeft1eity^n44^iglvseftsitmtyH*sift 

min i ulu ri z e d and automated off e r a s i gn ificant advantag e ov er current t e chnology, esp e cially if d e t e ction vs need ed i n th e fi el d. 

Micro e l e ctrom e chanical — sy s t e m s — (MEMS) — tech n olo g y — provides — transducers — to 
p e rform sen s ing and actuation in variou s engineering applications. The s ignificance 
of MEMS technology is that it makes pos s ibl e m e chanical parts of micron s ize that 
can be i ntegrated w i th e l ectronic s and batch fabricated in largo quantitie s . — MEMS 
device s are fabricated through the process of micromachin i ng, a batch production 

proc e ss e mploy i n g lit h o g ra p hy. M i cromachining r e li e s h e avi l y on th e us e of 

lithograph ic m et h ods -to cr e a te 3 dim e ns i onal s tructur e s using pr e- designcd resist 
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patters (or ma sks ) and th e n - s e l e cti veJy-etet wig th e u ndesirable-pa rts away (H e-and 
Ta i, 1996, 1993). M E MS is im -eftab fag t e chnology for makin g mi niaturize d d e vic e s, 
and in this w or k, >ve integrat e M E M S techn ology with bio s ensing m e thods t o d e t e ct 

One of the most effective means of achieving hi gh spe cificity is to detect the bacteria's 
genetic material (e.g. rR NA, mRNA, denatured DNA). By choosing a single - stranded 
DMA (ssDNA) pro be whose sequence is complementary only to the target bacteria's rRNA 
or s sDNA, monitor ing t h e h y br i diz at i on event allows selective sen sing of t arget c e lls. — Te 
maximiz e sensitivity, coupling th e hybridization e vent with an enzymatic reaction l e ads to 
signal amplification, as e ach substrat e -to product turnov e r contribut e s to the overall signal 
Bioassays to detect DNA hybridization that are amplified by enzymatic reaction can still 
be completed within a reasonably short time. Finally, the miniaturization and portability 
i nherent in ele etfeeh em i cal probes m a ke them ex cellent can di dates for incorpora t ion in 

We developed a prototype amperom e tric detector for Escherichia coli (E. coli) based 
on combin in g several w eH-e stabli s hed tech nologies into one d e tection system (Chen, - 

e t <^ l fj(\ f\ jf"? nn q*- o I ^flfin\ HP f flnlt ^t, I r\fj jnc £\ 4*„ jV/l , iVH .Q CP I f_*l C f PmhlaH 

monola yers (SA M s), D NA hybridizatio n, an d e nzym e amplifi cation - a l l contrib ute-te 

th e design of a miniatur i z e d , s p e c ific, an d s e nsitive E. coli d e tecto r DNA. 

ele ctroch e mical probe s ha v e b ee n re ported prev iou sly (Wang, e t aL, 1997, Marrazza, 
et al., l,999) y wi t h graphite or caribou el e ctro d es typically used. Comm e rcia l- units f or 
ampcrometric d e tection of DNA from - E. coli using screen printed car bo n electrod es 
on disposable test strips are also avai l able (Andcarc Inc., D u rham, NC). — Screen 
printing has the advantage of low cost, b u t achi e vi n g high dimensiona l preci s ion i s 
no t e as y . Us ing l ithographyv4hin^Hffls-o f a wid e r a n ge of mat er ial s, includ ing m eta l s 
(Au, Ag) a n4-earb on, can be accu ratel y patterned in pm size d ime n s ions. M o reover, 
SAM s is an-ete gan t m e tho d o f s e lectiv e ly im mobilizwg-molecul e s o n I V i EMS-su-rfaeesr 
The -bo n dwg-ef SA Ms to Au, Ag a mi-ot h er me ta l s has b een-M^el l studied (R e vel Vei-al^ 
1998, ^l oteslwetret- al ., 1 998 , Xia , et ah, 1998, Lahiri, et al„ 1999), a nd-protein^-ami 
ot li e r b iomoteetfries-ean-be e a si ly imm obi liz e d on tonsurface s suc h as An using S AMs 
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(Ostuni, ct- al., 1999, Kane, e t ah, 1999, Spink e , et a l v 1993, Wmis s Hng, ct ah, 1991). 
M^reovefy^Httperometrie-met hods using S AM s on el e ctro de s hav e d e m ons trat e d t he 
ab ility to det e ct target analyt es succ e ssfully (Sun, c t ak, 1998, Hon, ct aL, 1998, 
Mwt hy, et al., 1 998). 

fe-w- I. coli d e tection s ystem, we take advantage of the b e n e fits inh e r e nt in e ach 
teebnology: — U s ing PNA h ybridizatio n a nd enz y m e am plifi cation, we achieve th e 
require d specifi eity^-att d sensitivity. — U s ing M EMS— an d SAMs, we f abri cat e a 
miniaturiz ed sys tem-fcba£-ean-jead-£o a p ortabfe4nstriHnent^-Pi nally, we demonstrate 
that th e pr e s e nt d e tecti on sy s t e m i s a p pl i cabl e to a broa d r ang e of p ath o g e n ic 
bact e ria. — For e xamp le, the d e t ectio n m o dul e a n d assa y p rot ocol can b e adapt e d to 
det e ct ur o pa t h ogenie-E. coli and i denti fi catio n o f microor g an isms causing otitis media 



D E:v„o/a,i:,i,iir,i r> ti i n , I 

£ r»^7AT,7V ; i tTrrw iTXXX l 

2.1. MEMS detector array 

A layer of si li con dioxid e (S iQ^_ l OOOA) was d e posited on a -ba r e Si wa fa 4 (pr i m e 
grade, p type <100>, thi c kne s s 500 550|um) and served as a pad layer un der n c at h -the 
sili con n itri de (Si ^N 4 ? 1000 A) to re l ease stres s and improve adhe s ion. MEMS arrays 
w e r e fabricat e d with work i ng el e ctrod e s of 3.6mm x 3. 6 mm e t c h e d to form w e lls o f 
350{im depth. — Th e n i tride wafer was patterned and bulk etched u s ing K Q H along 
{4- 11] and [100] cry s tal planes, and d e pth of th e wel l was contro l l e d by Bv OH e tch ing 

tim e and tem perature^ The 100(im wide auxil i ary and reference electrodes ar e 

separated- from their corresponding worki n g electrode by 200^im. Figure 1 shows a 
sehenmtknof-the patt e rn use d in g e n e ra ti ng th e M E MS array . Th e n itride and oxid e 
w ere removed by H F etc h i n g to release internal-stre ss, a nd— anotber-oxi d e lay er 
(50 0 0A) was d e posit ed-fei^eleet rical is olatio n . Electrodes were-patteme d by PR521 4 
photo — r e sist r e v erse— i maging an d — lift - off process w ith — e- b e a m — deposition — of 
Au( 200QA)/Cr(2Q0A) . Finnllv^thc wafer was bath e d i n hexam e thyldi si4ftgftae-(HMPS) 
vapofMoy-4frree--nrin ut c s a fte^-ten-^nim ries of a 150°C hot bak e to gen e rate a 
hydrophobi c surface on th e s urroundin g Si area s? — Th e h yd ro phob i c n atu re of t he 
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stfrrrewt ding ar e a along with t he 3 dimensiona l— tt^to of th e working e l ectr ode 
allow s co i it aw m e nt of a liquid dropl e t in — th e wo rlv kig el ectrode^ — This d e s i gn 
e ff e ctiv e ly minimiz ed— non- sp e cifi c binding of bto mol ecul e s to oth ea^-a rcas of th e 



2.2. Deposition of streptavidin SAMs on Au 

-H hcc different m et hods wer e u se d to depo s it str e ptavi 4 ki monolayers on Au: — 1-) 
di r e ctly adsorbing str e pt a vidin on bare Au, 2) depositing a SAM of a biot i nylatcd 
t hiol, bio tH^-B>7\j& ^12 S bin 4* ng s tr eptavklifl , 3) deposit mg-a 

SAM of a -bie tinylat e d di s u l f i d e, bi otm-jHHW P, and subs e qu en#H>m4ii>g s t reptavidim 
Iri-a H cas es , th e Au s u rf ac e s were c l ea n ed w i th conc e ntrat e d "Piranha" solution (70 
vol% 30 vol% H aQ.2 ) and thoroughly rins e d with d e i onized water. — ftf 

de positing s treptavid i n on to'e Au, a s ol u ti on of 1.0 m g/ ml stre ptavidin (Sigma 
Chemica l- Co., S0677) in 0.02M Na ^>ho^h4tte4H^ T c r ? 0.15M Na O^ H 7.2, wa s p teeed 
e n the s u rfa c e , a l lowed to s ta ad for 10 miiM rtesv-a*HN4nscd w ith d e ionized water. F or 
de po s iting — a — SAM — of — biotin BAB CI 2 SH — ( 1 2 merca p to(S bi et kia mid e 3,6 - 
dioxaoctyl)dodecanamidc, Roche GmB ti L Germany), the procedure of Spinke, et ak 
(1993) was - us e d wh ereto samples were incubated for -18 hours in a SOjiM solut ion-of 
b i otin - DAP - C12 - SH -i n e tha n o l with 4 .5x1 O ^M ll - m e rcapto - 1 - und ec ano l (A Mrich 
Ch e mica l C o ., 44 ,7 5 2 - 8 ) an d- ri n s e d w i th e thanol and w at e r . — The biot in coat e d An 
surfaces w ere t hen e xpos e d to a 1.0 mg/ml str e p tavkfaf-selut ion for - 1 0 m imrte s an d 

ri nse d — agato — with — waters For — d e po s it ing — a — SAM — of biotin - H SPP^ — ( N J 6 

( biot i nam i do)h e ^y l l - 3 , - (2 , - pyridyldith io )prop i onam i4e^ — Pierce Inc., 21341) sampl es 
w ere i n cu bated for - 1.8 hours in a 50)iM bi otm-MPJ& P solution iflnet hanol (with or 
withou t 4 .5xl O" 4 M— mereftptepr opanol) and rinsed with ethano l and water. — The 
su rface s wer e4hen-e^posed-4e-ii-4Tfr-«ig/ml strcpte¥ idin s o fa tion for - 10-roimg t e s anil 
ri n s ed agate with water. 

2.3 Assay protocol for amperometric detection of E. coll 

The a s say p ro tocol wa s con du ct e d as follows: 1) 50 }J of lysis reagent (Aft deare-h*e^ 
4 002 11) was adde d- to a 250 ^tl sample of bact er ia in cult u re media a m Mncubated for 
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^fflWH^oom temp e rat u re, 2) 100 }d -o£-pre bc s ol utiu*HA» dcar c inc., 4 002 13) was 
thgn-added-aud-t h e mixt ure^was-inc u b ate d for 10 roki. at 65°C, 3) 5 (il of tb e-jysed-B? 
coli/prob e solut io n mixtu re wa s p laeed-on th e s treptavidin coat e d wo rkin g ele etrode 
of the MEMS-deieeter-af ray and incubat ed-fo r 10 mm. at room-temperatu r e, 4 ) the 
M EMS d e t e ctor array wa s washed with biotin wa s h soluti on (Kirk e gaard an d- P e rry 
IzTaberatoric s , 50-63-06), 5) 5 [il o f Ant h-PI-PQO-^VH#4^ pero xidas e , 150! ^ 

Roeh e Inc., 1 42 6 3 4 6), d il uted to- 0.75U/ml or 0.15 W m\ with dilu ant (Aa deare-faifer 
4 002 1 4 ) was plac e d on th e working electrode and incu ba t e d for 10 m inute s at room 
temperature , 6) th e MEMS a rra y chip w as w ashed again w ith wash sol u tion, 7) 10 ^1 
of K - blu e s ubstrat e (N e^ge»-€urp., 300176) was p laced on the detec tor - array in su eh 
a way that all three electrod e s (working, auxiliary, r e f e r e nce) were covered by th e 
subs trat e solution, aad 8) electroch e mical m e asur e m e nts wer e immediately taken. 
Th e entir e protoco l was completed within 4 0 minutes. — Ampero metric current vs. 
tim e was meas u red using a -GH- 4nstru ments-6 6 QA ele ctrochemical workstation wi th 

measured sequentially. — Tl i e vo l tage w a s fixed at 0.1 V (vs. r eference ), and th e 
cathodic c u rre nt at 20 seconds was taken as the amp e rom e tric signal. A t 20 seconds, 

eur r e nt valu es — r e ach ed — stea dy - stat e; GeH — c o nce n tration — (eeH — number) — was 

determi ned using s e rial di lu t i ons a ud-euttu * e plate cou nting? 

2.4 Char acterizatio n of S elf Assembled Monolayers 

The---performa gtce of the d et ector depcu ds — heavily o n — the propert i es of th e 
im mobiliz e d str ep tavidin monolay er. — W e performed surface plasmon resonance 
(SP R, Biacore X syst e m, Biacor e , Inc.) and atomic force mi crosc opy (AFM) t o 
eharac t e r i z e t h e m on olay e r s? — For SPR s tudies of s tr e p tavidin bi ndi n g t o ba re A u, 
bare Au chips (Jl s eusejp- chips) w e r e iis e d ? — For s t udie s of str eptavidm-bin^iug-to 
MetHi^AP- C - 1.2 - S.t t/Au--er b i o t i n -MPP P/Au, th e-bmtin SAM was d e p os it e d on t he 
bare Au-ebips-as-p r e viou s ly d e ser ibed-^efore the SPR-e&perime& ts. FoF - b e st results^ 
new chips were clea n ed with diluted B 3SO4/H3Q2— sol ution for - 2 min. before 
pe rforming SPR with -ba re Au or depositing the biot i n SA Mr- 4u-aH-eas cs, 1.0 mg/ ml 
streptavidm-i u 0.02M Wa phosphate, 0.15 M Na GI^-p H 7.2 buffer was use d? — In 
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adso r ption-expe r i m e nts with streptav id in on ba ^e-A n, flow rat e s rang e d from 1 to 5 
^4/mH^—lto- the e xp e rim e nts with streptavM l n and biotij HPAP- C12-SB / Au, flow rates 



fl ow rat e s ran ge d from 5 to 10 ^l/mi n?— fofr-tfce- dcsorption e xp eri ments, 25 )il of th e 
foHo w ing s o lu tions w e r e flow e d se qiaeirtkrft^lM^e ttgh th e cham> el$-a t 25 ^ l/mm-ftotal 
e^ewre- t ime of 1 m m.): 1 .OM -KGH-SM-we a, 0.5% SDS, 0,1M -H CI, O/LYI -NaQH? 



AFM (Auto Prebe C P ? Thef m o m icro s cope Sy Inc.) was p erfera*ed-H i the c o ntact mode 
using ultralever tips with a force of S.OnN, T o ens u re a fl at Au surface, the method of 
Wagner, et al. (1995) was used wherein Au wa s first depo s it e d via e- b c am 
evaporation on B riea-*H*d-4 hcn tran sfer red to Si. In our case, the mica was cleaved to 
cl ea nly re mo ve it- from the Au without the use of s olvent 

3 R esu lts 

3.1 Microelectromechanical system (MEMS ) 

Figure 2 s h ows a photo graph— o£-the— i MEMS— deteeto^-aj^ay? — Sateen wo rkmg 
ele ctro des witJi-theH^-eo^respwfdm g a u * ifk*r-y-#nd re f e r en c e e l ec t ro des were p a tt e rn e d 
i n a 2.3 cm x 2,3 cm ar e a. Th e detector array was ful l y r e u sa bl e a s the surface can be 
cleaned using H aS04/H20j-$e faitioiis. W e hav e r eu sed th e same MEMS det e ctor array 
m ultipl e times by appropriately clea n ing the s u rfac e and r edepesi ting the SAMs on 
th e working el e ctrode. 

3.2 E. coli Detecti on Using DNA Hybridization 

♦nh-enf-ME M'S sy s te nv&?-^&^*^^ by 
en zymatic reaction. A schem atie4lk*» trating th e e*eGtrede-^m4 : aee4s-slm¥$Hm^^ 
3. A str e ptav id in monola yer i s i mm o b il ize d-en-t he Au working e l e ctrod e surface to 
capt u re the-^4tNA-fr om E. co li. Two s s D N A seg me nts ar e us e d -m-this systemr-^Fhe 
ca ptur e ssDNA, wh ieh-i s con jugate d to biot i n f or s t re p tavidin4>iftdiftgr-h yb ridi zes t o 
eae-ead~of4 h e E. coli rRNA. T fae-4 etector ssDNA, which i s-eegj agated to-fl uorcsc e i n 
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fo r bin di ng to anti - flu ores c ei n l inked t o th e enzyme pe roxidas e (P OP ), hybrid fees-to 
t h e oth e r end of the E. col i rRNA. Th e capt u re and d ete ctor ssP NAr-reeognfee-two 
dfetwe t cons e rvativ e s e quen ce s, an ^therefo rc, the hybrid for ms^o nly wit h-th c s p e ci fic 
g e n e seg m e nt from - E. coli. "H re-otigofmete ic hybrid is iHwiobilfe ed^h^ottgl^^ffitHi- 
st r e ptavk Ka-brnd tog onto the An wo rking elee trode and unbou n d compon en ts are 
washed-awny; — Streptavidin--hinds-%io^ 

(Weheiy-e t. al., 1989). — After-loadin g the POP onto t he h> brid-^tfn^ettgjw^tM^ 

fluorescein bindi ng), substrate is added a nd enzymat i c r e acti o n is d e t e c ted 

amperometrieaWy^ — The s ubstrat e sol ution-con ta i n s both th e sub s trat e H jQ^-and a 
mediato r, SJ^S't e tram e t hyfbe n zi rii ne (1 MB) . The-engy-me-and e l ectrode-reactions 
ar e d e p i cted in F i gur e 4 . 

3.3 Stre p tavidin-Setf Ass e ni bled Mo n ol a yers for rRNA- Capture 

We use d-th ree di fferent-appro ach e s to immo b ffiz e a strcptavid in-mo nolaycr on-4ke 
el e ctrod e surface, a s shown in Figure 5. — In the fir s t approa c h, a str e ptavidin 
m onolayer was d e posited on bare Au v i a protein adsor p tion. In th e s e con d-app roach, 
a SAM of biotin was d e posited on the An using a biotinylatcd thio l and strep t avidin 
was su hseqnently-frou nd to th e biotin- — In the thi rd app ro ach , a S AM of biot i n wa s 

bound to the biotin. 

3. 4 Characterization of Streptavidin Monolayers 

^- he streptavidin — mo nolayers were characterized using both s urface plasm on 
reson a nc e (SPR) and atomic force mi e roscopy (AFM). SPR has been demon s trated 
to be a viable tec h niqu e for monitoring int erac tions of molecules with meta l lic (A u^ 
Ag)4hin-fiims-afr-t he so l u tion-m etal in terfeeer~4 : hfe^^ can b e us e d to estimate 

the-thiekne s s of a deposite d lay e r as w e H as to m easure th e kin etics of ^ s s ocia t i on and 
dissocration-(Mm*ssti ng , et al ., 1991, Spin ke, e t ah, 1993, S i gal, et al., 1996, R ao, e t ak$ 
1999 , J u ng, e t al., 1999). W e p e r f orm e d SPR-to m o n i to r de p o siti o n of s tr e ptavidin o n 
Au— u sing al l thr ee approach e s. — SP R r e sults ar c shown in Figur e 6. — B a se d on 
eatihratio n s by t he-^nnmtfaetu rcr (Biacorc), 1000 rcso nnnee-4HHtjjH^R^-in-- the SP R 
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signa l is e qu i val e nt to a chang e of -1 ng/ro m" in sutfaee— protei n conc e ntr ation^ 
Str eptavt4w-tos-^tftten sion s o f - 55 x 4 5 x 50 A (Oarst, e t al., 1991). A-fall mon olayer 
of-strep tavidin h a s an expect ed- dcnsity of -2.8 ng/rc m*>-eale ulat c d b ased-on a 2 - 
d i m e ns iona l cry st alline monolay e r (Jung, e t a l ., 1999, E to rst, e t al., 1991). — From 
Figure 6, es s entially a com ple t e m o nolayer of strcptavidin was deposited on the 
feiotinylated— thiol— SA M/A u ( - 3000 RtT), "80% "cover a ge" was o btain ed wi th 
styepta^€ttfHdeposjted-oa-b^e-A « (- 2 4 00 RU), and - 52% " coverage" w as-obtained 
with s trcptavid i n deposited on the bi oti ny l ated disulfide SA M/ Au ( - 1550 "R U)s — Pef 
th e bi oti nylat e d disulfid e , th e presenc e of m e rcaptopropano l in th e s o l ut io n had a 
ne g ligible-e ff ect o n s u r fa ce c o vera g e a s S PR sig gral-i ncr e as e d only -10% (-1700 RU, 
data-iwt-show n ). In all case s , add iti o nal pr o te in depositio n upo n a sec on d i n je c t ion o f 
protein s olutio n w as minimal. Mor e ov e r, flow rates h ad n egligib l e e ffect s o n-the-rate 
or amount of prot e in depo s ited. — T he SPR re s u l t s indicat e that in all thr ee 
a pproach e s, only a m o nolay e r of strcptavidin, a *Kl-^K>tHnal tiIay c rs ? w a s d e posit e d on 
t he Au. — Fina lly, th ese- rc s ults establish that mo s t of the s t rep tavidin biot i n binding 
and str eptavMin-adso rption on -bare-A u occta ps-with iii s econd s a nd-ea n be c ompleted 
on the o rd er of m in utes. 

W e per form e d exp er i m e nts to d eterm in e wh e th er streptavidia-ea n b e d e so r b e d, i. e . 
wh e th e r s trcp tavidin can be di s socia ted fro m the bar e Au or from bi n di ng to b i otin to 
regenerate th e sur face . Ta bl e I lists th e loss in SPR s ign al-(RU) a ft er t re atm e nt w i th 
v ariou s reagents that ar e k nown to dissociate protein liga nd-bi nding a nd/o^-denatmre 
prot e in s . — As seen in Table I ? only 8M urea, 0.5% SB ' S, and 0.1M Na O H w e r e 
somewhat effective in desorbing s trcptavidin from the s urface. 1.0M -K O, O.llV HM^ 
a nd 4 0% formam id c were not effective. — Str c ptavidin cou l d not be completely 
des^ rb e d by any of-the reag e nts, and som e pro tein--renmmed--after^ ub je ct i ng th e 
surface-to all reage nt s . T hese-resni ts show tha£-styeptav4din4md-4H*th^ g ood-tewding 
to both-the-b iot i n SAM -as we l l as to b ar e Au a n d th at th e s tr c ptavidin mon olayers 
w e re r e latively s tabl e . 

T he use of AF M— enab les us to fa rtbep-efrai^aete riz c the surface by imaging 
streptavM in- dircctly adsorbed on bare Au. B are-A a had topogra pbie-featm re s <10 A ; 
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whereas prot e wi isl an d s on a "part ia J" monolay e r was - 4 5 A, consi ste nt w i t h-4he 
dimensio ns of str e pta vkfaH-Ffgt ire 7). — Th e AFM -res iilts confirm the SP R-4m4wj*s 
thirt-o»i y on e m o nolayer was dep osite d on th e An. A FM-m-4 he contact mode f o*^-a 
"fiill" prot e in monolay e r show e d a f e atur e less s u rfac e with e vidence of protein 
d ragging (data not sh e wn ), and th e r e fore, did not pr ovi de any additional inform ation 
as-to-$<frrfft ec coverage. As | H e vioa siyHFepertedyHra^^ is a lso-obtained 

w hen u s ing b iotiny4ated-SAM5-aml-s*&^ c t. 
1993, Jwig, ct. Al., 1999). 

3,5 Electrochemical M e a s ur e m e nts with MEMS D e t e ctor Array 

fo*~w* r M E MS d e t e ctor array, w e used a -H i r e e-e l e c tro de s y ste m w ith-At i f or ai l three 
el e ctrod e s , i.e. wor king , auxiliary, and ref e re nce ele ctrod e s. — Typicall y , Ag/AgCI or 
saturate d calomel e l e ctrod e (SCE) is us e d as th e r e f e r e nc e elec tr o de so th at reve rsi b l e 

oaadatiett/ r c ducti en— a^4feed-poten4iaj occurs at the reference electr ode fe-ouf 

M EMS detector ar r ay, however, we used Au a s the reference electrode to simplify 
fabrication and t o-perroit-a-4 : ati y reusable array* Maintain i ng a constant potential i s 
made possible by the use of a 3 - clcctrodc system (v s . a 2 electrod e sy s t e m). — I n our 
particular ap plication— wfeerc the re du ct ion of T1V1 H B was monitor e d, An can b e 
fru cc e ss fal ly us e d as t h e refere nce el e ctrod e b e cause a low v o ltage-diffe r e nc e ( - 0.1 V) 
was m aintai n e d fo r s h or t p e riods of time (<1 mw^ 

W e chara c t e riz e d th e Au/Au/Au e l e ctrod e sy s tem for ele ctroch e mical detection by 
two separate experiments, to the first e xp e rim e nt, a f e rroc e n e film was p l aced on the 
electrode s and cyclic vo l tarem e try was conducted to m on itor the redox reaction s? 
Cyclic vo itafflroe try for a cla ssic rcv e rs it^e-etve-eleetron-tr ansf c r is characterized by a 
peak separatio n of - 57 m¥ b e tw ee n th e anod ic-am i cathodic peaks, t he-same-peak 
cur rents at p e ak m aximum, an d a l in e ar r e fa tioftship-betwe cn peak current vs. [scan 
ratef^- ffial l , 1991). F i gur e 8 s hows th e v ol tammogram s obt ai ned with f e rroc e»e-at 
d i ff e rent scan rat e s. As s ee n ia -Fi g . 8, clas s i c al r e dox b e havior wa s obs e rv e d an d-a 
pto^of4he peak curren t vs. [sca ifr-ra^'^s-tme a r ( Figu re 9). 
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jj*-#-se cond exp eriment^witfa th e Au/Au/Au electro d e s y stem, cyc lic voltammetry wa s 
con duct e d o n t h e substrate-solutiett-eiflyHffi^ + TM j8)-an4-4hc n agai n- on the sa me 
sehttfo n with — PO D e nzym e . Cy elwg-be tvv ee n — 0.2V to +Q.50V at a scan ra te-of 
t OmV/s, th e s ubstrat e solution showed th e two el e c tron— re dox b e havior of T.MB 
(Fig we 10). The addition o£ #OP4o-th e substrate solution resu lte d in an incr e as e in 
the— reduction— em^reftfe — A-ee nstan^ -potentiai— of — 0.1 0V (vs. r eference) was— then 
seleeted-fap-me asu re mcnt ot HftOO-en zymatic act i vity. At t hi s pot entfel r 4he^erapfeftt 
feaekgrow id was near z ero-amt-ne-Sttbstrate-o^ datioB -^ T his-potential-was 
optimum for enzymat i c activity det e r mina tion i n which a sma ll amew it of product 
(oxidi z e d T M-B ) wa s to b e m easwed in th e pr e s e nce of h ig h conce n tra tions o f 
sutestrater 



$S Dete ctio n o f E . co l i 

For the a mpe rometric d e tection o f- E. coli rRNA, we fi rst co m pare d the performanc e 
ef-thc thre e differ e nt s tr e ptavidin -men olayer s u rfac e s. Strep tavidln was imm o biliz e d 
on th e Au -usi ng the t fryee-dlffere nt app ro aches p *=ev iously de s crib e d, an d-th e a s say 

j3i Art Wtll Vt it<3 xrxf 1 1 It U vtvtl rtrl rtrtr rnittvl ftl tzn ct/ti «ttxi xrtrr it tr* Vixtt t/r twtt c Fil.yCj/li t <r 

/..Rlii g*H Afpl I ^ ^iimito..,-t:Ii<^,..cc iffri V A r MTfth ps: ^ rv* crippif»f» 1'ny F p oll fllif* R nrflpt^Il fi tv>pf"f*i*iiri 

^iryt#"¥ tltrttrlf « Ji crrtl vtr^ it c IS 3 .txi ™ r\ prlrvi/Ca rt 1 IS |JCv, 1 1 txr * vi t tuiij ti it lsvfi vi v i \Ti x n Utltici I ft 

served as th e n e gat i v e control sam ite — Th e pur p ose of this e x pe rim e nt was to 
eompare- the efficacy of th e imm obil ized streptavidin to ca ptwe-the bioti n-rRNA 
PQP-h ybrid. Two concentration s of E. coli were used, with one sam ple- having t e n 
ti mes the concentr a tion of the oth e r. — Moreover, th e signal from the Bo rdeteHa 
ln<tieate$-4he4 evel of ^ren- specific b i nding or the achi e vable "ba s e li ne". Resu l ts from 
tlwhe^perimetxt-afe-slrOWH^^ 1 1 . Sin ee-t hc sa me-ba ct e r i al so l utio n s (E. coK -of 

fiordete lla) w e re u se d, a -di r e ct e o mparis o n can b e made-of-the d i ff e r e nt surfa ce s. A s 
see n i n Fig. 11, str e ptav i d i n imm obili z e d via th e b i otinylated t hiol to Au was th e b e st 
emfditio n 1of- E. coli d ete ction . Using tl i e biotin - thi ol SAM, w e obt ained g ood signals 
for th e E. coli whil e a ch ieving a low bas e lin e sigm d-from-the— Borde tella. — Fw 
styeptavi4m-immobi tiz e d via -the-biotm-disidfidc t o A u, cu r rent s i g nals for -the E . coli 
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(kott^etieeifrfcratiott^ wh ile-tke4mseline was-t he sam e a s tha t 

fer-t h e b i o t ki - thiol/st se ptavi difl . In th e ca se of str e pta vidifl dir e ct l y a dsorbe d to Ai% 
th e signal from the Bor detel la was much hi g her indicating a - higfaer l e v e l of no a- 
specifre -bi nding of F OP to the su r f ac e. 

After a s c c rtt Hmftg-Aa/bio&B-g H^ t o b e the optima l str c ptavid w-s urfac e , 

weHFep eated tfr e-pro tocol u s kig E. coli and - Bordetcl l a to determine the sensitivity o f 
oa r syst efflv--4¥e4fflmobilfee d strep ta vidi n via the biotin - SH SAM an d-performed-the 
as s ay on a scri es-o f E. c oB-diks tion s al on g with -Boydetelte-a s the nega ti ve control. 
R e su l ts a re showiv 4fl~Figwe 12. T he da ta indica te that as f e w as 100 0 E . col i cells can 
be detecte d using o w^V HSMS syst e m. — A s e xpected, curr e nt s i gn al in cre ased as a 
fanetion of incr e asing numb e r of E. coli c e lls i n the sampl e solution. M o r e ov e r, by 
loweri ng the P OP- concen tr ati o n us ed i n the assay protocol (from 0.75 W ml-t o 0.15 
U/m i), w e a eh i e v e d b e tt e r discrimination in signal s at low-eF - E. coli cel l numb ers 
( Figure 13). As s ee n in Fig. 13, th e curr e nt s ignal for 1000 E. cordis w as mor e than 
tw i ce that for 2.5xlO ^ Bordetella cell s . The result s using oih hM EMS s ystem confi rm 
tha^- E. coli bacter i a was successfa tiy-d etcctcd using am pc rometry and SA Ms-4e 
eafit^re4lfe-baetei ia rRNA? 

4 . Discussion 

O u r result s show that com bin ing ME MS-te chnology with SA M&H PNA hybri di zatio n^ 
and e nzymatic amp e rom etry leads t o a highly sp e cific and sensitiv e elect roc h e mi cal 
detector for bacteria such as E. cofc — The contribution from e ach component is 
critical to the overall s uccess of the s ystem. MEMS technology enabl es an array of 
fmilt i p te-th- rec electrode "ce l l s " to be depo s ited on a Si wafer, and the M EMS 
detecto r array w e hav e d e scri b ed i s f uHy-^e»»aWe as th e SAM s can b e rem oved ami 

the — Ah — stfrfaees — regenerated — with — appropriate — cle aning. Mor e ov e r, — with 

microm a ch i n e d cha nn els, va lves, pumps a n d int e grated e l e ctro n ics, on e can f u lly 
wtoro at e th e sampl e-preparation-a nd assay protoc ol 

SAMs pro v ide an effective m e an s of functionalizing the An working e l e ctrod e to 
immob iliz e ca ptore— biomoleesries?— fog— es^H«ffle r -strepta¥idifih — BNA— hy^mdixatiott 
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permits high sp e cificity for pathog e nic bact e ria a s th e se qu ence of th e s s& NAr-probes 
ean be car efatiy-sete ct ed t o comple ment wl^-the targ e t. Coup l ing t foe-hy bridizat ioft 
eve»^~w4t h an e nzym ati c r e act ion— p rovides s ignal am pti fication a mi-eajH mc e s th e 
sensitivity^ — Finally, by u s ing el e ctroch e mical transduction, a miniaturized p ortable 
system with m wmmm power c onsump tion can be developed. 

Rapi d detcctioI^ -am^-a--i|»e^l^^ is desira b le for pa tfeegefl-serasrag: — We 

lmve-4emefl$trated-4tra^dete^^ 

system? — B ^je to t fee~-smftll--dime n s ion s a mi-smalt-sa mplo volumes, i ^4$-pessikle-4e 
far th e r r e duc e th e a ssay ti me by r e duc i ng t he incubation t i mes (10 minut e s) currently 
us e d for DNA hybrid i za t ion and e nzym e binding. A distinct advantag e of ME M S is 
th e a bility t o use very s m a l l v ol u mes (a few pJ) a n d e l e ctrod e su rfac e ar e as (curr e ntly 
0.13 cm " for the wor king el e ctro de, <0.02 cm 3 — for th e au xil iary and r e f ere nc e 
eieeti o d es). — Qw r r e sults show that as f ew as ~10 3 c e lls can b e-4e t e cted using th is 
syst e m without polymerase chain reaction (F €R)? — Due to the small volumes and 
worki ng electrode surface area m the MEMS system, reporting the detection li mfe-m 
t erm s of absolut e cell iwmbers is more a ppropriate-tin ni r e porting the d e t e ction limit 
in- t e rms of c el l c o ncentr a tion (ce l ls/ml). Detection limits o n- th c o rde r of 10 * to 1,0 3 

ele ctro de-surfa c e are a s - 1 cm 2 w e r e typ ieall^^ed-^Ab4ei*MmH i d, et. ah, 1998 , 1999). 
tB-^ mp e r e m c tric e nzym e im miwefiityatio n assays, th e signa l was m e r e than an ord er 
of mag ni tude l e ss when using a 0.1 ml sampl e t han w h e n usi n g a 1.0 ml sampl e 
(Abdet-Hami d, 1999). 

R es u l ts from - amper o metric experim e nts to detect E. co l i rRNA have shown that the 
s tre p tavi din monolayer imm obi lized via the biotmy l at e d thiol SAM - approach yielded 
th e best r e sults. — Th is finding is not su rp r i sing a s SW ^-dMa^ dicat e d -4he-highest 
strefitavi4m-s« rfac e d ensi ty or "cov era g e" w hen-usmg-4he-%^ — ft-fe 
li k e ly that a w e l l-ordere d scl f - ass emkled— monol ay e r i s fo rme d o n l y w it h th e 
biotm y l ated th iol, l eacling-to-frig h est str eptavidi n s u rface d ensi ty. In th e cas e of the 
I mt i nyla te^-disttlfide^-altho ugh a ttaekme nt of the bi e tin to the A tt-s« rfac e occ u rs v i a 
tke-A u - S bond, th e-adtfitio nal orga nic girotfrp-probabl y hind e rs the for matien-of-a 
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de ns e ly paeke d mon olayer — Str e p ta vidin imm obilized via-dir ect adsorption to A u 
yesnlted-4tt--sign#iean tly high e r n oft-speeifi c b inding— o f th e P OP— enzyme to th e 
working el e ctrode. — F rotein a dsorption- to Au has been we tt- known a s coll oi dal A t* 
particl e s attach e d to vari o us prot e ins ( e .g. str e ptavi d in, immunog l obulins) are 
eem morcially available (Na nop rob c s, In c., Ya pfo- ank, N¥ )s — Streptavidin d o es not 
eoMftm-^ysteme-oy-metlHoai ^ residu es-(WebePjr Ct. al. ? 1989) an d-tbepefe re, do es-not 
attaeh-4e-A*fr-v4a an Au S b ond^—Pratem-adsopption to Au can -^e ccur vi a4ateii :: aetioflh-of 
earbesvla te grou ps-wit h Au ( Qo ka, et. ah, 1999) and - is the l ik ely— meefea n ism fop 
strep ta v idin Au atta c hm e nt A l though a str e ptavidin mo n ol ay er can-be attached to 
Au v i a dir e ct a dsorp t i on, wh et h e r s elf-as sembly or mo l ecu l ar ord erin g oc curs is 

be as robus t^s-^trepta vidin - biotin b i nd i ng, i.e. the amount of streptavi di n removed 
due to urea, SDS, and N aQ fl were similar for str e ptav idi n dir e ctly adsorbed on Au as 
eompajped- to str e ptav i din a ttac hed to b i otin. When conducting the assay protocol for 
fir-eo ti, however, s a m ple s olutions cont a in e d o l igonucl e otid e s a s w eH- as ce l l debri s 
fro m the lyscd - E. co fe — Ou r data s uggests that the presenc e of other p iro teins an d 
b i omo lec u le s ac c e lerat e d t he-des o r pt i on of-st reptavid i n from Au, l e ading to i n c re ase d 
non-speci fic b i nding of t he e n z ym e PO J&4o4be s urface. 

5. Conclu s ions 

E. coli bacteria w e re s uccessf ul ly detected by incorporating MEMS with SA M&H&NA 

hybridiza tion — and — e nzyme — ampli fication. We demons tr a ted — a — M EMS based 

detec tion syst e mthat is s pecific f oF- E. co li and ca p able of d e tecting 1000 ce l ls without 
— 3-be-py ocess t ime can b e 4 0 mw utcs o r-4es& — More ov e r, th e as s ay ean— be 
eon diH^^d^vvkl^-sobitlon^okf mes-on-t h e o rder o f -a fe w ' m icroli t e rs . T h e i n t egrati o n of 
$AM%-l&NA-4frylM4 enzym e amplification methodol o gi e s with MEMS 

t e chnology mak e s po s sible a n e w g e neration of d e vic es for pa th og e n i c detection 
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Table I 

Comparison of various reagents for the desflrp^on of streptavidin from surface 
a£ determined by surface plasmon resonance 





S tree la vi din on Bare Au 


Streptavidin on biotin-DAD-C12-SH/Au 


Streptavidin on biotin-HPDP/Au 


Treatment 
Condition 


-2400 RU 
Loss in Si 


deposited 
gnal(RU) 


-3000 RU 
Loss in Si 


deposited 
gnal(RU) 


-1700 RU deposited 
Loss in Signal (RU) 


1.0MKC1 


0 


0 


0 


0 


0 


0 


8MUrea 


280(12%) 


370(15%) 


790 (26%) 


1050 (35%) 


360(21%) 


300(18%) 


0.5% SDS 


40 (2%) 


150 (6%) 


390(13%) 


230 (8%) 


330(19%) 


690 (40%) 


0.1MHC1 


0 


0 


0 


0 


0 


0 


0.1 MNaOH 


400(17%) 


550 (23%) 


630(21%) 


690 (23%) 


400 (24%) 


200(12%) 


40% Formamide 


0 


0 


0 


0 


0 


0 
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Figure 6 
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Figure 8 
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Figure 12 
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ABSTRACT 



A microelectromech a n i cal s ystems (MEMS) and integrated c i rcuit (IC) based 
biosensor capable of s e nsing or detecting various ionic molecules and macromelecules 
(DNA, RNA or protein). — The MEMS bas e d biosensor may utilize a hybridization and 
e nzym e amplification sch e me and an e l e ctroch e mical d e t e ction scheme for sensitivity 
improvement and syst e m miniaturization. The bios e nsor or bios e nsors ar e incorporated on 
a single substrate. Preferably, the biosensor system compr i ses at least two electrodes. The 
electrodes may comprise a working electrode, a reference electrod e and a counter 
(auxiliary) electrode. The bi o s en s o r o r b i osensors also p r ovide an ap para tus and method 
f or con finement of rea g ent an d /or solut i on in the biosensor or bi o s en s or s using surfa ee 
te n sio n at small scale. The confinement system provides controlled contacts between the 
reagent(s) and/or solution( s ) w i th the components (i.e., e lectrodes) of the biosensor or 

bios e nsors using controllable surfac e prop e rti es and s urfac e t e nsion force s , The 

confin e ment syst e m allow s for incorporation of the biosensor or biosensors into a portable 
or handheld device and is immune to shaking and/or flipping. The invention also provide 
for a biosensor and/or sensors that are integrated with integrated circuit (IC) technologies. 
Pref erably , the e nt ire sensor system or system s are fabricated on a single IC s ub str at e or 
chip a n d no exter nal component and/or in s trument is required for a complete detection 
syst em o r sy st ems. Preferably, the sensor s yst e m or systems are fabricated using the IC 
process and on a silicon sub s trate. 



11.1 whereby the step of the enzyme loading with POD conjugation onto detector DNA 
probe is eliminated. The hybridization condition was controlled to retain the 
enzymatic activity of POD after heating to 65°C. The protocol can then be shortened 
fro m 40 to 25 minutes while reducing the required number of reagents by one. 

[01481 Previous work has demonstrated the sensitivity of micro DNA sensor to be ~10 3 E. 
coli cells. Recent data show it has the capability to detect less than 10 E. coli cells from 
cell culture at stationary stage through ribosomal RNA content. The sensor was then 
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subjected to clinical urine sample from Division of Infectious Disease at UCLA for testing. 
As shown in Figure 39, the minimum detectable cell number of E. coli in urine sample is 
10 5 from the preliminary result without isolation. Sensitivity with urine sample can be 
improved with further optimization. Another type of bacteria, Bordetella, was used as a 
negative control and all E. coli samples, including dilutions, have higher signal than the 
negative control. 

[01491 Micro DNA sensor can be used for electrochemical detection without utilizing a 
conventional reference electrode because the bias potential is reasonable low (-0.1V), and 
the detection is short enough (20 seconds) to avoid the accumulation of charge at auxiliary 
electrode. This was confirmed with voltammograms of ferrocene and POD solution. 

[01501 Micro DNA sensor can be used for electrochemical detection of pathogens such as 
E. coli. The Au/Au/Au three-electrode cells patterned on silicon by MEMS technology 
were successfully used in amperometric measurement of enzymatic reactions. These 
sensors show promise that they can be incorporated into micro total analysis system 
TAS) or "Lab on a Chip". 

[01511 In summary, a micro DNA sensor was fabricated that can detect enzymatic reaction 
amperometrically and was characterized by using cyclic voltammetry with ferrocene and 
POD to demonstrate the capability of conducting electrochemical detection without a 
conventional Ag/AgCl electrode. Noise reduction was accomplished by surface 
modification and introducing blocking protein. The structural design of a well in the 
working electrode and surface treatment on silicon substrate enable reagent confinement 
over the working electrode. The reagent-electrode contact can be controlled to reduce non- 
specific binding, not possible with a conventional beaker setup. Urine sample testing 
shows this DNA sensor is suitable for clinical diagnosis with a short detection time and 
smaller system size. 

A MEMS Based Amperometric Detector for E. Coli Bacteria Using Self- Assembled 

Monolayers: 

[01521 A system is developed for amperometric detection of Escherichia coli (E. coli) 
based on the integration of microelectromechanical systems (MEMS), self-assembled 
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monolayers (SAMS), DNA hybridization, and enzyme amplification. Using MEMS 
technology, a detector array was fabricated which has multiple electrodes deposited on a Si 
wafer and was fully reusable. Using SAMs, a monolayer of the protein streptavidin was 
immobilized on the working electrode (Au) surface to capture rRNA from E. coli. Three 
different approaches can be used to immobilize streptavidin onto Au, direct adsorption of 
the protein on bare Au, binding the protein to a biotinylated thiol SAM on Au, and binding 
the protein to a biotinylated disulfide monolayer on Au. The biotinylated thiol approach 
yielded the best results. High specificity for E. coli was achieved using ssDNA-rRNA 
hybridization and high sensitivity was achieved using enzymatic amplification with 
peroxidase as the enzyme. The analysis protocol can be conducted with solution volumes 
on the order of a few microliters and completed in 40 minutes. The detection system was 
capable of detecting 1000 E. coli cells without polymerase chain reaction with high 
specificity for E. coli vs. the bacteria Bordetella bronchiseptica. 

[0153] While conventional methods for detecting bacteria usually involve a morphological 
evaluation of the organisms as well as testing their ability to grow, such methods are very 
time consuming and are not feasible under field conditions. The need for rapid detection 
as well as portability has led to the development of systems that couple pathogen 
recognition with signal transduction. Both optical and electrochemical detection of 
bacteria have been reported, although electrochemical methods have an advantage in that 
they are more amenable to miniaturization. Requirements for an ideal detector include 
high specificity and high sensitivity using a protocol that can be completed in a relatively 
short time. Moreover, systems that can be miniaturized and automated offer a significant 
advantage over current technology, especially if detection is needed in the field. In the 
following, MEMS technology is integrated with biosensing methods to detect E. coli 
bacteria. 

[0154] One of the most effective means of achieving high specificity is to detect the 
bacteria's genetic material (e.g. rRNA, mRNA, denatured DNA). By choosing a single- 
stranded DNA (ssDNA) probe whose sequence is complementary only to the target 
bacteria's rRNA or ssDNA, monitoring the hybridization event allows selective sensing of 
target cells. To maximize sensitivity, coupling the hybridization event with an enzymatic 
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reaction leads to signal amplification, as each substrate-to-product turnover contributes to 
the overall signal. Bioassays to detect DNA hybridization that are amplified by enzymatic 
reaction can still be completed within a reasonably short time. Finally, the miniaturization 
and portability inherent in electrochemical probes make them excellent candidates for 
incorporation in MEMS devices. 

[0155] A layer of silicon dioxide (SjC>2, 1000A) was deposited on a bare Si wafer (prime 
grade, p-type <100>, thickness 500-550^m) and served as a pad layer underneath the 
silicon nitride (Si3N 4 , 1000A) to release stress and improve adhesion. MEMS arrays were 
fabricated with working electrodes of 3.6mm x 3.6 mm etched to form wells of 350(im 
depth. The nitride wafer was patterned and bulk etched using KOH along [111] and [100] 
crystal planes, and depth of the well was controlled by KOH etching time and temperature. 
The lOOjim wide auxiliary and reference electrodes are separated from their corresponding 
working electrode by 200jam. The nitride and oxide were removed by HF etching to 
release internal stress, and another oxide layer (5000A) was deposited for electrical 
isolation. Electrodes were patterned by PR5214 photo resist reverse imaging and lift-off 
process with e-beam deposition of Au(2000A)/Cr(200A). Finally the wafer was bathed in 
hexamethyldisilazane (HMDS) vapor for three minutes after ten minutes of a 150°C hot 
bake to generate a hydrophobic surface on the surrounding Si areas. The hydrophobic 
nature of the surrounding area along with the 3-dimensional nature of the working 
electrode allows containment of a liquid droplet in the working electrode. This design 
effectively minimized non-specific binding of biomolecules to other areas of the MEMS 
array. 

[0156] Three different methods were used to deposit streptavidin monolayers on Au: 1) 
directly adsorbing streptavidin on bare Au, 2) depositing a SAM of a biotinylated thiol, 
biotin-DAD-C12-SH, and subsequently binding streptavidin, 3) depositing a SAM of a 
biotinylated disulfide, biotin-HPDP, and subsequently binding streptavidin. In all cases, 
the Au surfaces were cleaned with concentrated "Piranha" solution (70 vol% H 2 S0 4 , 30 
vol% H2O2) and thoroughly rinsed with deionized water. For depositing streptavidin on 
bare Au, a solution of 1.0 mg/ml streptavidin (Sigma Chemical Co., S0677) in 0.02M Na 
phosphate buffer, 0.1 5M NaCl, pH 7.2, was placed on the surface, allowed to stand for 10 
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minutes, and rinsed with deionized water. For depositing a SAM of biotin-DAD-C12-SH 
(12-mercapto(8-biotinamide-3 5 6-dioxaoctyl)dodecanamide, Roche GmBH, Germany), the 
procedure of Spinke, et al. (1993) was used wherein samples were incubated for -18 hours 
in a 50|iM solution of biotin-DAD-C12-SH in ethanol with 4.5xlO" 4 M 1 1-mercapto-l- 
undecanol (Aldrich Chemical Co., 44,752-8) and rinsed with ethanol and water. The 
biotin-coated Au surfaces were then exposed to a 1.0 mg/ml streptavidin solution for -10 
minutes and rinsed again with water. For depositing a SAM of biotin-HPDP, (N-[6- 
(biotinamido)hexyl]-3'-(2 , -pyridyldithio)propionamide, Pierce Inc., 21341) samples were 
incubated for -18 hours in a 50|iM biotin-HPDP solution in ethanol (with or without 
4.5x10"^ mercaptopropanol) and rinsed with ethanol and water. The surfaces were then 
exposed to a 1.0 mg/ml streptavidin solution for -10 minutes and rinsed again with water. 

[0157] The assay protocol was conducted as follows: 1) 50 jil of lysis reagent (Andcare 
Inc., 4002-1 1) was added to a 250 |il sample of bacteria in culture media and incubated for 
5 min. at room temperature, 2) 100 |il of probe solution (Andcare Inc., 4002-13) was then 
added and the mixture was incubated for 10 min. at 65°C, 3) 5 jil of the lysed E. coli/probe 
solution mixture was placed on the streptavidin coated working electrode of the MEMS 
detector array and incubated for 10 min. at room temperature, 4) the MEMS detector array 
was washed with biotin wash solution (Kirkegaard and Perry Laboratories, 50-63-06), 5) 5 
(al of Anti-Fl-POD (Anti-fluorescein peroxidase, 150U, Roche Inc., 1 426 346), diluted to 
0.75U/ml or 0.15 U/ml with diluant (Andcare Inc., 4002-14) was placed on the working 
electrode and incubated for 10 minutes at room temperature, 6) the MEMS array chip was 
washed again with wash solution, 7) 10 |il of K-blue substrate (Neogen Corp., 300176) 
was placed on the detector array in such a way that all three electrodes (working, auxiliary, 
reference) were covered by the substrate solution, and 8) electrochemical measurements 
were immediately taken. The entire protocol was completed within 40 minutes. 
Amperometric current vs. time was measured using a CH Instruments 660A 
electrochemical workstation with picoamp booster and faraday cage. Samples on the 
MEMS detector array were measured sequentially. The voltage was fixed at -0.1V (vs. 
reference), and the cathodic current at 20 seconds was taken as the amperometric signal. 
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At 20 seconds, current values reached steady-state. Cell concentration (cell number) was 
determined using serial dilutions and culture plate counting. 

[0158] The performance of the detector depends heavily on the properties of the 
immobilized streptavidin monolayer. Surface plasmon resonance (SPR, Biacore X system, 
Biacore, Inc.) and atomic force microscopy (AFM) to characterize the monolayers is 
performed. For SPR studies of streptavidin binding to bare Au, bare Au chips (Jl sensor 
chips) were used. For studies of streptavidin binding to biotin-DAD-C-12-SH/Au or 
biotin-HPDP/Au, the biotin SAM was deposited on the bare Au chips as previously 
described before the SPR experiments. For best results, new chips were cleaned with 
diluted H2SO4/H2O2 solution for -2 min. before performing SPR with bare Au or 
depositing the biotin SAM. In all cases, 1.0 mg/ml streptavidin in 0.02M Na phosphate, 
0.15 M NaCl, pH 7.2 buffer was used. In adsorption experiments with streptavidin on bare 
Au, flow rates ranged from 1 to 5 |il/min. In the experiments with streptavidin and biotin- 
DAD-C12-SH/Au, flow rates ranged from 10 to 25 |ul/min. In experiments with 
streptavidin and biotin-HPDP/Au, flow rates ranged from 5 to 10 |il/min. In the desorption 
experiments, 25 fil of the following solutions were flowed sequentially through the 
channels at 25 jal/min (total exposure time of 1 min.): 1.0M KC1, 8M urea, 0.5% SDS, 
0.1M HC1, 0.1M NaOH, and 40 vol% formamide. 

[0159] AFM (AutoProbe CP, Thermomicroscopes, Inc.) was performed in the contact 
mode using ultralever tips with a force of 5.0nN. To ensure a flat Au surface, the method 
of Wagner, et al. (1995) was used wherein Au was first deposited via e-beam evaporation 
on mica and then transferred to Si. In this case, the mica was cleaved to cleanly remove it 
from the Au without the use of solvent. 

[01601 On the MEMS detector array, sixteen working electrodes with their corresponding 
auxiliary and reference electrodes were patterned in a 2.8 cm x 2.8 cm area. The detector 
array was fully reusable as the surface can be cleaned using H2SO4/H2O2 solutions. The 
same MEMS detector array is reused multiple times by a ppropriately cleaning the surface 
and redepositing the SAMs on the working electrode. 
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\ 01 611 E. coli detection is based on DNA hybridization followed by enzymatic reaction. A 
schematic illustrating the electrode surface is shown in Figure 40. A streptavidin 
monolayer is immobilized on the Au working electrode surface to capture the rRNA from 
E. coli. Two ssDNA segments are used in this system. The capture ssDNA, which is 
conjugated to biotin for streptavidin binding, hybridizes to one end of the E. coli rRNA. 
The detector ssDNA, which is conjugated to fluorescein for binding to anti-fluorescein 
linked to the enzyme peroxidase (POD), hybridizes to the other end of the E. coli rRNA. 
The capture and detector ssDNA recognize two distinct conservative sequences, and 
therefore, the hybrid forms only with the specific gene segment from E. coli. The 
oligonucleic hybrid is immobilized through biotin-streptavidin binding onto the Au 
working electrode and unbound components are washed away. Streptavidin binds biotin 
with unusually high affinity (Kh ~10~ 15 M) (Weber, et. al., 1989). After loading the POD 
onto the hybrid (through Anti-Fl-fluorescein binding), substrate is added and enzymatic 
reaction is detected amperometrically. The substrate solution contains both the substrate 
H?Q? and a mediator, 3,3\5,5'tetramethylbenzidine (TMB). 

[01621 Three different approaches are used to immobilize a streptavidin monolayer on the 
electrode surface. In the first approach, a streptavidin monolayer was deposited on bare 
Au via protein adsorption. In the second approach, a SAM of biotin was deposited on the 
Au using a biotinylated thiol and streptavidin was subsequently bound to the biotin. In the 
third approach, a SAM of biotin was deposited on the Au using a biotinylated disulfide and 
streptavidin was subsequently bound to the biotin. 

[01631 The streptavidin monolayers were characterized using both surface plasmon 
resonance (SPR) and atomic force microscopy (AFM). SPR has been demonstrated to be a 
viable technique for monitoring interactions of molecules with metallic (Au, Ag) thin films 
at the solution-metal interface. This technique can be used to estimate the thickness of a 
deposited layer as well as to measure the kinetics of association and dissociation SPR is 
perforemd to monitor deposition of streptavidin on Au using all three approaches. Based 
on calibrations by the manufacturer (Biacore), 1000 resonance units (RU) in the SPR 
signal is equivalent to a change of -1 ng/mm 2 in surface protein concentration. 
Streptavidin has dimensions of - 55 x 45 x 50 A. A full monolayer of streptavidin has an 
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expected density of ~2.8 ng/mm 2 , calculated based on a 2-dimensional crystalline 
monolayer. Essentially, a complete monolayer of streptavidin was deposited on the 
biotinylated thiol SAM/Au (-3000 RU), -80% "coverage" was obtained with streptavidin 
deposited on bare Au (-2400 RU), and -52% "coverage" was obtained with streptavidin 
deposited on the biotinylated disulfide SAM/Au (-1550 RU). For the biotinylated 
disulfide, the presence of mercaptopropanol in the solution had a negligible effect on 
surface coverage as SPR signal increased only -10% (-1700 RU, data not shown). In all 
cases, additional protein deposition upon a second injection of protein solution was 
minimal. Moreover, flow rates had negligible effects on the rate or amount of protein 
deposited. The SPR results indicate that in all three approaches, only a monolayer of 
streptavidin, and not multilayers, was deposited on the Au. Finally, these results establish 
that most of the streptavidin-biotin binding and streptavidin adsorption on bare Au occurs 
within seconds and can be completed on the order of minutes. 

[01641 Experiments are performed to determine whether streptavidin can be desorbed, i.e. 
whether streptavidin can be dissociated from the bare Au or from binding to biotin to 
regenerate the surface. Figure 41 lists the loss in SPR signal (RU) after treatment with 
various reagents that are known to dissociate protein-ligand binding and/or denature 
proteins. As seen in Figure 41, only 8M urea, 0.5% SDS, and 0.1M NaOH were somewhat 
effective in desorbing streptavidin from the surface. 1.0M KC1, 0.1M HO, and 40% 
formamide were not effective. Streptavidin could not be completely desorbed by any of 
the reagents, and some protein remained after subjecting the surface to all reagents. These 
results show that streptavidin had rather good binding to both the biotin SAM as well as to 
bare Au and that the streptavidin monolayers were relatively stable. 

[01651 The use of AFM enables us to further characterize the surface by imaging 
streptavidin directly adsorbed on bare Au. Bare Au had topographic features <10 A, 
whereas protein islands on a "partial" monolayer was -45 A, consistent with the 
dimensions of streptavidin. The AFM results confirm the SPR findings that only one 
monolayer was deposited on the Au. AFM in the contact mode for a "full" protein 
monolayer showed a featureless surface with evidence of protein dragging (data not 
shown), and therefore, did not provide any additional information as to surface coverage. 

3Q9 005876.P002 



26 4 /029 226 

Patent 

Monolayer deposition is also obtained when using biotinvlated SAMs and subsequently 
binding streptavidin. 

[01661 In the MEMS detector array, a three-electrode system is used with Au for all three 
electrodes, i.e. working, auxiliary, and reference electrodes. Typically, Ag/AgCl or 
saturated calomel electrode (SCE) is used as the reference electrode so that reversible 
oxidation/reduction at fixed potential occurs at the reference electrode. In the MEMS 
detector array, however, Au is used as the reference electrode to simplify fabrication and to 
permit a fully reusable array. Maintaining a constant potential is made possible by the use 
of a 3-electrode system (vs. a 2-electrode system). In this particular application where the 
reduction of TMB was monitored, Au can be successfully used as the reference electrode 
because a low voltage difference (-0.1V) was maintained for short periods of time (<1 
min). 

[01671 The Au/Au/Au electrode system is characterized for electrochemical detection by 
two separate experiments. In the first experiment, a ferrocene film was placed on the 
electrodes and cyclic voltammetry was conducted to monitor the redox reactions. Cyclic 
voltammetry for a classic reversible one electron transfer is characterized by a peak 
separation of ~57 mV between the anodic and cathodic peaks, the same peak currents at 
peak maximum, and a linear relationship between peak current vs. [scan rate] 1/2 (Hall, 
1991V In the voltammograms obtained with ferrocene at different scan rates, classical 
redox behavior was observed and a plot of the peak current vs. [scan rate] is linear. 

[01681 In a second experiment with the Au/Au/Au electrode system, cyclic voltammetry 
was conducted on the substrate solution only (H?0? + TMB) and then again on the same 
solution with POD enzyme. Cycling between -0.2V to +0.50V at a scan rate of 10m V/s, 
the substrate solution showed the two electron redox behavior of TMB. The addition of 
POD to the substrate solution resulted in an increase in the reduction current. A constant 
potential of-O.lOV (vs. reference) was then selected for measurement of POD enzymatic 
activity. At this potential, the current background was near zero and no substrate oxidation 
occurred. This potential was optimum for enzymatic activity determination in which a 
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small amount of product (oxidized TMB) was to be measured in the presence of high 
concentrations of substrate. 

[01691 For the amperometric detection of E. coli rRNA, the performance of the three 
different streptavidin monolayer surfaces is evaluated. Streptavidin was immobilized on 
the Au using the three different approaches previously described, and the assay protocol 
was conducted for the bacteria E. coli and Bordetella bronchiseptica (Bordetella). Since 
the ssDNA probes are specific for E. coli, the Bordetella bacteria served as the negative 
control sample. The purpose of this experiment was to compare the efficacy of the 
immobilized streptavidin to capture the biotin-rRNA-POD hybrid. Two concentrations of 
E. coli were used, with one sample having ten times the concentration of the other. 
Moreover, the signal from the Bordetella indicates the level of non-specific binding or the 
achievable "baseline". Results from this experiment are shown in Figure 42. Since the 
same bacterial solutions (E. coli or Bordetella) were used, a direct comparison can be made 
of the different surfaces. As seen in Fig. 42, streptavidin immobilized via the biotinylated 
thiol to Au was the best condition for E. coli detection. Using the biotin-thiol SAM, good 
signals for the E. coli are obtained while achieving a low baseline signal from the 
Bordetella. For streptavidin immobilized via the biotin-disulfide to Au, current signals for 
the E. coli (both concentrations) were significantly lower, while the baseline was the same 
as that for the biotin-thiol/streptavidin. In the case of streptavidin directly adsorbed to Au, 
the signal from the Bordetella was much higher, indicating a higher level of non-specific 
binding of POD to the surface. 

101701 After ascertaining Au/biotin-SH/streptavidin to be the optimal streptavidin surface, 
the protocol using E. coli and Bordetella is repeated to determine the sensitivity of the 
system. Streptavidin is immobilized via the biotin-SH SAM and performed the assay on a 
series of E. coli dilutions along with Bordetella as the negative control. Results are shown 
in Figure 43. The data indicates that as few as 1000 E. coli cells can be detected using the 
MEMS system. As expected, current signal increased as a function of increasing number 
of E. coli cells in the sample solution. Moreover, by lowering the POD concentration used 
in the assay protocol (from 0.75 U/ml to 0.15 U/ml), better discrimination can be achieved 
in signals at lower E. coli cell numbers (Figure 44). As seen in Figure 44, the current 
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signal for 1000 E. coli cells was more than twice that for 2.5x1 0 5 Bordetella cells. The 
results using the MEMS system confirm that E. coli bacteria was successfully detected 
using amperometrv and SAMs to capture the bacteria rRNA. 

[01711 The results show that combining MEMS technology with SAMs, DNA 
hybridization, and enzymatic amperometry leads to a highly specific and sensitive 
electrochemical detector for bacteria such as E. coli. The contribution from each 
component is critical to the overall success of the system. MEMS technology enables an 
array of multiple three-electrode "cells" to be deposited on a Si wafer, and the MEMS 
detector array described is fully reusable as the SAMs can be removed and the Au surfaces 
regenerated with appropriate cleaning. Moreover, with micromachined channels, valves, 
pumps and integrated electronics, one can fully automate the sample preparation and assay 
protocol. 

[01721 SAMs provide an effective means of functionalizing the Au working electrode to 
immobilize capture biomolecules, for example, streptavidin. DNA hybridization permits 
high specificity for pathogenic bacteria as the sequence of the ssDNA probes can be 
carefully selected to complement only the target. Coupling the hybridization event with an 
enzymatic reaction provides signal amplification and enhances the sensitivity. Finally, by 
using electrochemical transduction, a miniaturized portable system with minimum power 
consumption can be developed. 

[0173] Rapid detection and a portable instrument is desirable for pathogen sensing. 
Detection can be achieved within -40 minutes using this system. Due to the small 
dimensions and small sample volumes, it is possible to further reduce the assay time by 
reducing the incubation times (10 minutes) currently used for DNA hybridization and 
enzyme binding. A distinct advantage of MEMS is the ability to use very small volumes (a 
few |il) and electrode surface areas (currently 0.13 cm 2 for the working electrode, <0.02 
cm 2 for the auxiliary and reference electrodes). The results show that as few as ~10 3 cells 
can be detected using this system without polymerase chain reaction (PCR). Due to the 
small volumes and working electrode surface area in the MEMS system, reporting the 
detection limit in terms of absolute cell numbers is more appropriate than reporting the 
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detection limit in terms of cell concentration (cells/ml). Detection limits on the order of 
10 2 to 10 3 cells/ml have been reported, however, sample volumes of - 1.0 ml with working 
electrode surface areas -1cm 2 were typically used. In amperometric enzyme 
immunofiltration assays, the signal was more than an order of magnitude less when using a 
0.1 ml sample than when using a 1.0 ml sample. 

[01741 Results from amperometric experiments to detect E. coli rRNA have shown that the 
streptavidin monolayer immobilized via the biotinylated thiol SAM approach yielded the 
best results. This finding is not surprising as SPR data indicated the highest streptavidin 
surface density or "coverage" when using the biotinylated thiol. It is likely that a well- 
ordered self-assembled monolayer is formed only with the biotinylated thiol, leading to 
highest streptavidin surface density. In the case of the biotinylated disulfide, although 
attachment of the biotin to the Au surface occurs via the Au-S bond, the additional organic 
group probably hinders the formation of a densely packed monolayer. Streptavidin 
immobilized via direct adsorption to Au resulted in significantly higher non-specific 
binding of the POD enzyme to the working electrode. Protein adsorption to Au has been 
well known as colloidal Au particles attached to various proteins (e.g. streptavidin, 
immunoglobulins) are commercially available (Nanoprobes, Inc., Yaphank, NY). 
Streptavidin does not contain cysteine or methionine residues and therefore, does not 
attach to Au via an Au-S bond. Protein adsorption to Au can occur via interaction of 
carboxylate groups with Au and is the likely mechanism for streptavidin-Au attachment. 
Although a streptavidin monolayer can be attached to Au via direct adsorption, whether 
self-assembly or molecular ordering occurs is questionable. SPR desorption experiments 
showed the streptavidin-Au attachment to be as robust as streptavidin-biotin binding, i.e. 
the amount of streptavidin removed due to urea, SDS, and NaOH were similar for 
streptavidin directly adsorbed on Au as compared to streptavidin attached to biotin. When 
conducting the assay protocol for E. coli, however, sample solutions contained 
oligonucleotides as well as cell debris from the lysed E. coli. The data suggests that the 
presence of other proteins and biomolecules accelerated the desorption of streptavidin from 
Au, leading to increased non-specific binding of the enzyme POD to the surface. 
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[01751 In summary, E. coli bacteria were successfully detected by incorporating MEMS 
with SAMs, DNA hybridization, and enzyme amplification. A MEMS-based detection 
system is demonstrated that is specific for E. coli and capable of detecting 1000 cells 
without PCR. The process time can be 40 minutes or less. Moreover, the assay can be 
conducted with solution volumes on the order of a few microliters. The integration of 
SAMs, DNA hybridization, and enzyme amplification methodologies with MEMS 
technology makes possible a new generation of devices for pathogenic detection. 

[01761 While this invention has been described with reference to illustrative embodiments, 
this description is not intended to be construed in a limiting sense. Various modifications 
of the illustrative embodiments, as well as other embodiments of the invention, which are 
apparent to persons skilled in the art to which the invention pertains are deemed to lie 
within the spirit and scope of the invention. 



3O9 005876.P002 



26 4 /029 231 
Patent 

ABSTRACT 

A microelectromechanical systems (MEMS) and integrated circuit (IC) based 
biosensor capable of sensing or detecting various ionic molecules and macromelecules 
(DNA, RNA or protein). The MEMS based biosensor utilizes a hybridization and enzyme 
amplification scheme and an electrochemical detection scheme for sensitivity improvement 
and system miniaturization. The biosensor or biosensors are incorporated on a single 
substrate. Preferably, the biosensor system includes at least two electrodes. The electrodes 
includes a working electrode, a reference electrode and a counter (auxiliary) electrode. 
The biosensor or biosensors also provide an apparatus and method for confinement of 
reagent and/or solution in the biosensor or biosensors using surface tension at small scale. 
The confinement system provides controlled contacts between the reagent(s) and/or 
solution(s) with the components (i.e., electrodes) of the biosensor or biosensors using 
controllable surface properties and surface tension forces. The confinement system allows 
for incorporation of the biosensor or biosensors into a portable or handheld device and is 
immune to shaking and/or flipping. The invention also provides for a biosensor and/or 
sensors that are integrated with integrated circuit (IC) technologies. Preferably, the entire 
sensor system or systems are fabricated on a single IC substrate or chip and no external 
component and/or instrument is required for a complete detection system or systems. 
Preferably, the sensor system or systems are fabricated using the IC process and on a 
silicon substrate. 



# 

/ 



309005876.P002 



